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Abstract

Cranioplasty is one of the surgeries commonly performed to restore the loss of bone and
aesthetics in the cranial region. Currently, an autologous bone graft is the preferred source of
bone to address cranial defects. However, when the defect size is more than 25 cm2 it poses
surgical challenges to reconstruct the defect as the autologous bone stock availability may not
be enough to reconstruct, nor does the geometrical shape properly fit the defect. High-density
polyethylene (HDPE) has a long history in clinical use for facial and cranioplasty
augmentation. It has been applied as a graft for reconstruction purposes with encouraging
results. The existing conventional fabrication method does not result in a porous structure in
an implant. Selective laser sintering (SLS) is selected as the fabrication medium to selectively
fuse particles to create a porous structure because a porous implant is important for graft
stabilisation in the human body. However, the knowledge on fabricating HDPE bone grafts
using SLS is limited in terms of the temperature sintering window. Furthermore, the known
challenges for HDPE fabrication are the narrow temperature sintering window and the raw
particle morphology.

The aim for this project is to establish a benchmark protocol to fabricate HDPE using the SLS
method. The HDPE used in this project is proprietary HDPE particles called StarPore™. In
order to achieve the project’s aim, the project has been divided into three phases: 1) powder
characterisation, 2) establishment of a single-level fabrication methodology, and 3)
establishment of a multi-level fabrication methodology.
Phase 1 (Chapter 2) results showed that the StarPore™ particles are trilobal and the average
particle diameter was approximately 892±30 µm. Differential scanning calorimetry (DSC)
showed a narrow temperature sintering window of between 117±1 °C and 130±1 °C for the
StarPore™ particles and thermogravimetric analysis (TGA) showed a single phase
decomposition profile with the onset temperature of decomposition at 432±7 °C. Reflectance
test showed the StarPore™ particles are highly reflective. During resting, large gaps between
StarPore™ particles were observed. The large gaps between StarPore™ particles was
approximately 200 µm to 550 µm.

A single-level fabrication platform was developed in phase 2 (Chapter 3) for single-level SLS
fabrication. The effects of sintered height, sintered depth and sintered thickness on the particle
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morphology and physical structure for a single-level StarPore™ fabrication were examined.
The effect of laser on single-level fabrication was examined, and the particle fusion was divided
into six groups based on the level of particle fusion, with the lower limit defined as the onset
of fusion presence in the sintered structure and the upper limit defined by the presence of a
coalesced fusion structure. Overall, heat treatment of the fabricated sample at the melting
temperature improved the mechanical properties of the fabricated samples, although a
reduction in height after heat-treatment was approximately 15.2%. The ultimate tensile strength
showed an increase from 94 kPa to 950 kPa.

A multi-level fabrication platform was developed in phase 3 (Chapter 4) to fabricate multilevel samples. Recoating mass of 1.5 g was determined to be suitable for multi-level
fabrication. Four different multi-level fabrication strategies were employed to study the effect
of laser output, scanning schematics and laser space scan on multi-level fabrication. A modified
fabrication strategy with added static compression was done after the optimisation of other
parameters as mentioned; compaction either after recoating (Recoat-C) and sintering (SinterC) on the fabricated height. The compacted multi-level fabricated and compacted heat-treated
samples produced were analysed with micro-CT to determine the overall structural porosity. A
reduction of porosity was found for heat-treated samples Recoat-C and Sinter-C due to loss of
voids and structural porosity from reduced height after heat-treatment. Mechanical analysis
showed that the heat-treated multi-level sample that was compacted after recoating (Recoat-C)
exhibited higher stress tolerance of 1.76 MPa at 19.7% strain compared to samples compacted
after sintering (Sinter-C) that were about 1.65 MPa at 13.5% strain.
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AM

Additive manufacturing

BaSO4

Barium sulphate

CMF

Craniomaxillofacial

DSC

Differential scanning calorimetry

HA

Hydroxyapatite

HDPE

High-density polyethylene

MMA

Methyl-methacrylate

NIR

Near-Infrared

PA

Polyamide

PE
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PEEK

Poly-ether-ether ketone
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Pulse per inch

SLS

Selective laser sintering
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Ultimate tensile strength

XRD
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Glossary

Coalesce

All sintered particles joint together to form a stable structure.

Evident fusion

A much stronger and distinct joint is formed.

Fabricated

The complete sintering of the single- or multi-level sample based on the
predetermined single- or multi-level fabrication strategies.

Free structure

Unsintered particles that serve as the foundation for the sintered sample.
Sintered parts do not have fixed support and lies on the powder bed and
may move from its original position when an external force is applied.

Lower limit

Lowest laser output to produce fusion for structure stability and be
strong enough to maintain shape

Minor fusion

The onset of joint formation between deformed particles. Joints are
usually small and may not be strong enough to maintain a stable bond.

Multi-level

A sintered part fabricated in a stack of levels of known recoating
thickness.

Non-virgin powder

Powder that has been used and recycled for sintering purposes. The
powder has been exposed to a certain degree of heat during the previous
usage.

Recoat-C

Sample compacted with static weight after the recoating step.

Single-level

The first level sintered part of a raw material on a substrate or on a free
structure with a known recoating thickness.

Sinter-C

Sample compacted with a static weight after the sintering step.

Sintered height

Sample sintered height change (∆sH) measured from the sintering bed
surface.

Sintered depth

Sample sintered depth in relation to the laser energy penetration from
the sintering bed surface.

Sintering window

The range of laser output from lower limit to upper limit.

Upper limit

Highest laser output that does not result in the presence of voids that are
trapped in the coalesce due to excessive energy density.

Virgin powder

Raw powder that is free from any heat exposure and had not been used
before for sintering.
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Symbols
∆sH

Sintered height change, mm

Dlaser

Laser spot size, mm

Edensity

Single line energy density, J mm-2

Plaser

Laser power, W

P&P

Parallel and perpendicular hatch sintering

Ti

Titanium

Tc

Crystallisation temperature, °C

Tm

Melting temperature, °C

sD

Sintered depth, mm

Vscan

Laser scanning speed, mm s-1
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1.1

Chapter 1: Introduction

The Human Cranial Bone Anatomy

The human skull consists of eight cranial bones and fourteen facial bones that are tightly fused
together, except for the mandible which is the only movable bone. The positions of the cranial
and facial bones in the skull are shown in Figure 1.1. The skull is further layered with various
groups of muscles, especially mimetic muscles that serve as a medium for facial expression.
Muscle contractions are controlled via electrical pulses delivered by facial nerves and
mandibular nerves. Cranial bones are flat bones [1, 2] and serve to protect the brain from
external trauma.

Figure 1.1: Location and distribution of cranial and facial bones [3].

Craniomaxillofacial (CMF) Surgery

Craniomaxillofacial surgery is a highly specialised branch of orthopaedics that focuses on the

whole area of the mouth, jaw, face, skull and associated structures. Cranio- refers to cranium,
the top portion of the skull, maxillo- refers to maxilla, the lower jaw and facial refers to the
other face area besides the cranium and maxilla. There are various factors that contribute to the
need for CMF surgery, namely oncologic resection and bone loss due to trauma. Cranioplasty
or cranial reconstruction is usually performed to address aesthetics and cerebral protection [4,
5]. It is estimated that about 2.2 million bone graft procedures are undertaken worldwide
annually with about one quarter of those in the United States alone [6]. Part of the bone grafting
procedure comes from cranioplasty and small defects less than 25 cm2 are treated with bone
grafts. Also, some sources estimate that about 25 cranioplasties are conducted for each 1
1

million people [7]. Surgical complexity increases when a defect size is more than 25 cm2 [4],
due to the higher risk of donor site morbidity, limited availability of donor stock, tissue quality,
and feasibility of harvested donor bone matches with a geometrical shape to suit the intended
implanted site [8].

Autologous Graft

Autologous bone graft (autograft) is the current gold standard for managing bone defects and
is commonly used in CMF reconstruction [9]. It possesses all the desired properties listed in
Table 1.1 for a successful grafting as the bone source is from the same individual and the
rejection rate is nominally low [10]. The application of autologous bone graft is often limited
by the defect size, its shape, and the availability of the donor site. Bone resorption is a normal
occurrence that happens for the donor bone to remodel and forms a continuous union with its
neighbouring bone resulting in shrinkage of the bone graft [11]. Sometimes, bone resorption
is not followed with bone formation and will lead to graft failure. Hence, it is important to
have enough bone size to compensate for bone shrinkage during resorption. Furthermore,
donor site morbidity limits the application of autologous bone grafting [11, 12], surgical
complexity is increased due to the need for the extra surgical site [11], and team and time
needed to complete the surgery. Ischemic time plays a crucial factor for the viability of the
harvested bone as well.

Table 1.1: Properties of an autologous bone graft [10].
Properties
Osteoconduction
Osteogenesis
Osteoinduction

Definition
The ability to support new bone growth inwards from peripheral contact.
The formation of new bone cells by osteoblastic cells in the graft.
The ability to stimulate the host osteoprogenitor cells to differentiate to
osteoblasts by local growth factors resulting in bone-formation.

Allogenic and Xenogenic Graft
Allogenic graft (allograft) is a graft derived from the same species and possesses similar
properties as with an autograft, but can have a high rejection rate if not correctly processed
prior to grafting due to the host immune responses [6]. A post-processing allogenic graft will
reduce its osteoconductive capabilities [6]. In addition, the risk of infections such as human
immunodeficiency virus (HIV) and hepatitis B and C arising from allografting has been
2

reported [6]. An allogenic graft possesses lower osteogenic properties and a higher resorption
rate [11] compared to an autologous graft. The use of allogenic grafts has declined due to
concerns of contamination and transmission of viruses [11].

A xenogeneic graft (xenograft), is derived from other species and has a high risk of interspecies
virus transmission and infection [13]. In addition, an xenograft is not considered as it causes
an acute antigenic response and lack of osteogenic response when implanted [11].
Alloplastic Graft

Alloplastic grafts are made either of a single-component or multi-component materials and are
divided into three main categories: ceramics [4], polymers [7], and metallics [14]. An
alloplastic graft should be at least biologically inert and not cause any adverse side effects to
the human host. It should possess either one or both of osteointegration and osteoconduction
properties as required for integration with the surrounding host tissue after implantation [15].
Osteointegration is defined as the material’s ability to chemically bond to a bone surface
without an intervening layer of fibrous tissue. Alloplastic grafts have become preferred options
for surgeons in bone grafting procedures since they are either readily available or easily
malleable [4].
According to Wolff’s Law, a bone is constantly remodelling itself in adaptation to external
forces and so, if all the stress has been transmitted to the graft as the main stress bearer, it will
weaken the bone surrounding the graft and thus lead to graft failure [15]. To avoid such
circumstances, an allograft should have the mechanical properties matching the targeted bone.
It needs to withstand external forces and have porosity to allow tissue ingrowth, thus forming
a highly stable complex that will be able to withstand deformation from external forces [16].
Hence, an alloplastic graft’s mechanical properties should match those of targeted bone at the
implantation site to prevent stress shielding.

Ceramic alloplastics are synthetic products composed of inorganic and ionically bonded
matrices. They have a wide variety of composition differences, porosities and structures.
Ceramic alloplastic has been used to construct and mimic the mineral phase of the bone that
allows for bone cell maturation. However, ceramic matrices are usually brittle with low fracture
resistance and so are commonly used in non-load bearing regions [17]. One of the examples of
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ceramic alloplastic is hydroxyapatite (HA) [4] as it shares common mineral components with
bone [11, 18]. It is biocompatible and promotes bone growth [18]. Animal tests of HA shows
that osseous combination with bone tissues surrounds the implanted HA [18] and suggests that
HA promotes bone growth. Hydroxyapatite’s mechanical properties are similar to trabecular
bone [19] but it is known to be brittle [18, 19]. It is often used at a non-load bearing defect site,
especially as filler for periodontal defects [11] and small cranial defects. However, the
application of HA on cranial defects is limited when the defect size is greater than 25 cm2 as it
is prone to infection and graft fracture [4]. It has been reported that the infection rate is as high
as 62.5% for implanted HA [4]. Furthermore, it may break into many pieces in vivo due to
inadequate reabsorption of HA and remodelling of bone tissue that will result in
osteointegration failure [7]. Since, HA promotes bone growth, the alloplastic graft will fuse
together with the bone margin providing a secure positioning in vivo. However, if there is a
need to remove the implant due to disease recurrence, the implant will have to be removed
together with a portion of the bone as the implant has been tightly fused with the bone [7]. This
can pose a significant challenge for surgical planning to determine the extent of bone that needs
to be removed. Radiographic images of HA are radiopaque and similar to the bone radiographic
image. This may cause a difficulty for post-surgery monitoring (a radiographic image can be
seen in Figure 1.2).

Figure 1.2: The radiographic image for hydroxyapatite shows multiple post implantation
fractures and it is difficult to differentiate bone from hydroxyapatite [20].
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Metallic alloplastic has been extensively used in the past as it has appropriate physical and
mechanical properties to the human bone. However, post-surgery radiographic images of
metallic implants generate artefacts that prevent proper analysis of implanted metal implants
at the bone. One of the examples of metallic implant used is titanium mesh. It is a light-weight
metallic alloplastic that offers good mechanical and biological properties [14]. Depending of
the fabrication strategy, it may result in a rough surface that increases the surface area for
cellular attachment resulting in implant fixation over time in vivo [21]. Post-surgery
radiographic images for titanium metallic implants generate artefacts that prevent distinct
radiographic monitoring of the bone and implants [22]; making it less preferred to radiolucent
alloplastic grafts. A radiographic image can be seen in Figure 1.3. Also, being metallic, there
are concerns that titanium mesh implants may corrode and release ions that can induce
inflammation [23]. This is due to the possibility that titanium ions may form a chemical bond
with bodily proteins and result in hypersensitive reactions [24] or even toxicity [25].

Figure 1.3: A radiographic of a metallic implant creates artefacts that prevent proper
post-surgery monitoring and make it difficult to identify bone structure [26].

Polymer alloplastic consist of a wide class of materials with a wide range of mechanical
properties. Polyethylene (PE) was firstly used in humans in 1948 and with the development of
porous polyethylene encouraged a certain degree of soft-tissue ingrowth. [27]. Another benefit
of using PE is that it is feasible to be implanted at a site where implants have failed due to
infection [28]. A follow up study had showed that PE remains stable after it has been implanted
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in the human body [29, 30] and was stable for at least 30 years in some follow-up cases [28,
31, 32]. Implanted PE has a radiolucent advantage that allows distinct visualisation of postsurgery bone structure [28, 33]. Polyethylene does not produce artefacts under radiographic
imaging [33]. The absence of artefacts is important for post-surgery monitoring of an implanted
graft at the site by determining how well the implant is integrated with the surrounding tissue.
The absence of artefacts and the distinct bone image in a radiographic image can be seen in
Figure 1.4. After implantation, PE remains stable in vivo and does not show any evidence of
degradation nor resorption [29, 30]. However, as PE is inherently hydrophobic it may limit the
tissue ingrowth and risk graft rejection [34].

Figure 1.4: Radiographic image of cranioplasty using an implanted polyethylene graft.
The radiolucent property of polyethylene allows proper monitoring of bone structure
post-surgery [35].

In summary, post-surgery stability of an implanted allograft is important to prevent undesirable
effects and post-surgery radiographic image provides crucial information on the extent of
implantation success by monitoring the extent of implant integration with the surrounding
tissues. Polyethylene (PE) possesses radiolucent properties that allow clear imaging of bone
and the extent of ingrowth. The distinct bone image is not seen for metallic implant due to
artefacts. In ceramic implants it is because of similar radiopaque image contrast to bone. Also,
PE has a lower risk of osteointegration failure compared to hydroxyapatite (HA), as HA may
break into pieces. Polyethylene does corrode and may cause an allergic effect compared to
metallic implants. However, PE might have some limitations due to its mechanical strength;
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hence a higher molecular weight polyethylene, which is high-density polyethylene (HDPE),
was selected to be explored in this research.
1.2

High-Density Polyethylene (HDPE) As Allograft

The application of HDPE as an alloplastic graft material has been extensively studied and used
as an alternative to craniomaxillofacial (CMF) autologous grafts in the past. It consists of
repeating units of (CH2-CH2) that form the polymer backbone chain of its molecular structure
[36]. High-density polyethylene has been clinically used with satisfactory outcomes and with
minimal to no complications. Table 1.2 illustrates the HDPE’s clinical applications. Because
of its mechanical properties, a HDPE graft is usually confined to a non-load bearing or
articulating site at the CMF region.

Table 1.2: Examples of HDPE applications in CMF repair.
Year
1990
1993
1998
2002
2003
2004
2008
2012
2014
2018

Implantation Site
Ref
Auricular region
[37]
Cranial-temporal bone region
[38]
Nasal region
[39]
Orbital, temporal, frontal, maxillary and mandible region
[40]
Cranial-pterional bone region
[41]
Nasal, orbital, temporal, mandible, frontal region
[42]
Zygomatic, mandibular, temporal, frontal, orbital, auricular, maxillary and nasal [43]
region.
Nasal region
[44]
Cranial region
[45]
Chin, nasal, maxilla, glabella region
[16]
Mandibular, orbital floor, nasal and chin region
[46]
Cranial-pterional bone region
[47]

Graft porosity plays a crucial role in determining the efficacy of an implanted alloplastic graft.
Some of the earliest biological studies of HDPE were conducted in 1976 and showed that tissue
ingrowth was observed in porous HDPE with pores as small as 40 µm, and, over the 16-week
study [48], concluded that optimal ingrowth occurred for the pore size range of 100 to 135 µm.
Other studies suggest that the pore size should be between 100 to 150 µm to have an optimal
ingrowth of fibro-vascular tissue [15]. However, vascularisation into porous grafts with pore
sizes as large as 300 µm and as small as 30 µm has been reported as well [49]. In 2009, a study
showed that vascularisation of a porous HDPE graft supported immobilisation of the graft at
the implanted site [50]. Also, the vascularisation will stabilise the graft at the implanted site
and reduces graft micro-motion which further enhances tissue ingrowth [41]. Furthermore, an
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increased fibrovascular tissue ingrowth into the graft contributes to infection resistance
originating from the graft as the supply of antibody and nutrients is exchanged via newly
formed blood vessels [51]. A 3D topology method can be used to provide information on pore
structure [52] and to give a visualisation of the possibility of how tissue ingrowth will occur.
A porous graft increases the surface area for cell attachment and graft stabilisation. Thus, it is
important to have an optimised fabricated pore structure for the purpose of graft stability and
the fabrication method is critical. This is further explored in the next section.
1.3

Conventional Fabrication Of Polyethylene (PE)-Based CMF Graft

Literature on the current fabrication of PE-based CMF grafts is limited. The only PE-based
CMF graft found in the literature is about the HDPE-sheet called MEDPOR™ [53].
MEDPOR™ comes in various thicknesses and sizes [29]. This HDPE-sheet is usually shaped
intraoperatively [54, 55]. No literature was found on how the HDPE-sheet was manufactured
or fabricated.

A literature search showed that there are two conventional ways that HDPE alloplastic are
fabricated. The conventional ways are computer numerical controlled (CNC) machining and
injection moulding. The CNC machining technique [56] uses a block of HDPE that is shaped
using a series of computer controlled cutting tools that are used to subtract material from the
bulk to fabricate an implant. This method creates waste and does not result in a porous graft; a
crucial characteristic for graft stabilisation. Injection moulding is a procedure to fabricate
HDPE alloplastic by extruding the material in the melted state and at high pressure into a
predesigned mould [57]. This method is disadvantageous as it requires excess material to create
an anatomical specific graft mould and does not allow the creation of a porous structure that is
important for a graft. Because of the limitations mentioned for both CNC machining and
injection moulding, it is important to explore alternative fabrication techniques that allow for
the control of fabricated pores and less waste. Thus, additive fabrication techniques are
explored in Section 1.4.
1.4

Additive Fabrication

Additive manufacturing is defined as a process of joining materials to make objects designed
using 3D CAD model data. The process involves selectively joining materials layer by layer
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rather than by subtractive manufacturing [58]. This section discusses the introduction of binder
jetting printing, selective laser sintering (SLS), and materials selection for SLS
characterisation.

Binder Jetting Printing

Binder jetting printing is a selective fabrication method using a regular ink-jet print-head that
selectively uses binder to connect loose powders temporarily to form a fabricated part [59].
The binder jetting printing schematics is shown in Figure 1.5. Post-processing is required to
remove the binder and stabilise the connection permanently [60]. Water-based binders, such as
maltodextrin used to fabricate porous structure for binder jetting printing, also acts as a porogen
[61]. Depending on the hydrophilicity of the raw material, the binder may not necessarily bind
to the raw materials during fabrication and post-processing is required to ensure proper binding
of parts [61]. However, because of its hydrophobicity, a water-based binder is not suitable for
polyethylene [61]. The organic solvent used to remove porogens may leave some residual
solvent after post-processing and an additional step is then required to completely remove the
solvent, thus prolonging post-processing time [61]. In other literature, the use of chloroform as
a binder has shown that about 0.5 wt% (5000 ppm) residue was still left after post-processing
for a week [62]. Because of to the hydrophobicity of HDPE and the possible use of organic
solvent that may be toxic to human, binder jetting printing was not furthered explored.

Figure 1.5: Binder jetting printing schematics. A binder jetting printer uses binder in the
form droplets from the inkjet print head to create bonds at localised area at the powder
bed before a new recoating level is deposited. The binder deposition and recoating will
repeat as required by the designed part [33].
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Selective Laser Sintering (SLS)

Selective laser sintering (SLS) is a level-by-level process that involves elevated temperatures,
with or without the use of additives, to selectively induce coalescence of polymer particles by
laser in a temperature- and gaseous-controlled environment [63]. An illustration of the SLS
process is shown in Figure 1.6. Typically, a closed environment is flushed with inert gases [64],
such as nitrogen to prevent oxidation of particles. Selective laser sintering can produce solid
parts without the addition of binders or additives if the energy required to sinter particles is
high enough to induce coalescence [65], or the material itself possesses very high light
absorbance properties.

Figure 1.6: Schematics of the SLS process. The energy from the focused laser beam will
selectively sinter the powder bed and a new recoating level will be added with the aid of
the roller. Sintering and recoating step be repeated as per the inputted CAD object [33].

The first feasibility study of sintering polyethylene (PE) was conducted with a customised laser
sintering platform to produce a single-level sintered part and was conducted in a non-controlled
temperature- and gaseous- environment [66]. Raw particle size affects the pore size, as smaller
raw particle size creates smaller pore size [67]. Also, smaller raw particle size resulted in higher
elastic modulus and ultimate tensile strength because of higher densification from sintering
[67]. Recoating thickness and sintered part uniformity are directly influenced by the raw
particle size. The recoating thickness needs to be at least thicker than the largest raw particle
size in order to provide sufficient thickness for a new recoating level to spread the particles
across the sintered platform and create a smooth surface for the next sintering step [67].
Sintering a complex part using PE was showed to be feasible; however, the mechanical
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properties of the sintered implant was unsatisfactory and post-processing via heat-treatment
was needed to improve the tensile strength of the sintered part [68].

Fabricated PE has a high degree of part distortion during sintering if the temperature gradient
difference between the powder bed temperature and the raw material melting temperature is
too high [69]. A distorted part may cause part movement when a roller or blade passes over the
powder bed surface [69]. Increasing the laser scan count from one to two before recoating can
overcome this problem as the laser will repeat sintering twice on the same area before a new
recoating level is added [69]. This allows a gradual introduction of laser energy to each level,
resulting in less part distortion.

In addition, part position in the build platform affects the mechanical properties of the sintered
sample. When a sample is sintered in the middle of the build platform, it will have enough time
for phase stabilisation before a new level of powder is deposited. The sintered part should be
allowed to remain in the powder bed after final deposition of recoating level to gradually cool
the sample. This allows adequate time for molecular chain rearrangement, which will result in
better tensile properties [70].

The effect of energy density on the flexural strength of sintered PE was studied using a CO2
laser [71] at various laser outputs and laser scan speeds to process multi-level samples. The
study was conducted with four lower laser outputs of 6, 8, 10 and 12 W that produced energy
densities of 0.016, 0.021, 0.027 and 0.032 J/mm2 respectively. It was found that the laser energy
density of 0.027 J/mm2 resulted in the highest flexural strength [71]. Volumetric shrinkage
increases as the laser energy density increases from -33.0% for 0.016 J/mm2 to -61.5% for
0.032 J/mm2 [71] respectively. Factors such as materials, process parameters, sample
geometries and thermal inconsistencies contribute to volumetric changes. In order to prevent
the sintered part curling, pre-heating the powder was necessary to achieve a sample with
uniform build [71].

Increasing laser output whilst maintaining laser scanning speed and spot size, increases the
sintered height [72]. The sintering depth will increase together with laser output as the heat
induction and penetration will be greater [72]. In addition, particle size will also influence the
sintering height. As the particles increase in size, the sintering height will follow as well [72].
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In summary, SLS possesses certain advantages compared to binder jetting printing. First, the
laser can selectively deliver localised energy to cause fusion between particles compared to
droplets of binder that formed temporary fusion between particles. This allows faster part
fabrication as no post-processing is required to stabilise the fusion between particles. Second,
the use of binders in the binder jetting process may be toxic to humans; even prolonged postprocessing may leave a minute amount of binder in the fabricated part, whereas, for SLS, there
might be toxicity issues that are associated with degradation of particles during sintering. Third,
as HDPE is the material that is explored in this research, HDPE fabrication with binder jetting
printing is not suitable because there is no suitable binder solution. Thus, HDPE fabrication
using SLS techniques is further explored. Understanding the properties that influence a material
for SLS allows for a better understanding of experimental design for HDPE fabrication. This
is further explored in Section 1.4.2.1.

1.4.2.1 The Effects Of Materials Properties On SLS

There are three main factors that influence the material used for SLS: particle morphology,
thermal properties and optical properties. These factors were grouped into either intrinsic or
extrinsic properties [36]. Intrinsic properties were attributed to the molecular structure of the
material itself and are not easily manipulated, while extrinsic properties are influenced by the
material’s pre-processed condition, such as raw material morphology, before laser sintering.
The intrinsic properties and extrinsic properties relationship is shown in Figure 1.7 [36].
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Figure 1.7: Material factors that influence SLS [36]. The elements of characterisation
highlighted in green boxes are relevant to this thesis.
The ideal raw material particle morphology for SLS should be at least near spherical and have
a smooth surface to facilitate free flowing behaviour [36]. The sinter material particle size
distribution should be mostly of small particles, preferably between 20 μm and 80 μm, to induce
adhesion between particles and increases powder free flow behaviour [36]. Non-spherical raw
materials, such as cryogenic milled powders, are often unsuccessful in SLS processing [36]. In
other literature, reduced raw material particle size had an effect in increased reflectivity of the
powder bed and reduced laser power absorption [73]. The current known benefits of small
particle size are high packing density, increased surface smoothness, and ability to manufacture
detailed features [73]. Particle morphology can be characterised using optical microscopy [73].
Two-dimensional particle images were obtained and post-processed to give the measured
particle size distribution and shape.

Thermal analysis techniques were used to track physiochemical properties as a function of
temperature. Crystallisation, melting and decomposition temperatures can be determined by
thermal analysis. Thermal gravimetric analysis (TGA) measures the mass of sample as a
function of temperature and it is important to characterise the material stability at an elevated
temperature as, in SLS processes, the powder bed temperature is often raised [73]. Differential
scanning calorimetry (DSC) analysis is used to measure the differences in energy between a
sample and a reference material as a function of temperature. From DSC, the endothermic
13

(melting) and exothermic (crystallisation) reaction occurs upon heating and subsequent
cooling. The temperature range between the material’s crystallisation temperature, Tc, and its
melting temperature, Tm, shows the temperature sintering window [36, 69, 70] and a wide
temperature range between the melting and crystallisation is important. A typical DSC graph
is shown in Figure 1.8.

Figure 1.8: The metastable thermodynamic region between Tm and Tc which indicates the
temperature sintering window of a raw material [36].
Optical properties show the working range of laser energy absorbance of a raw material as a
function of wavelength. Material optical property is important to determine the suitable laser
wavelength to induce sintering. The laser wavelengths can be identified by the absorbance
peaks after undergoing optical spectrophotometer analysis. The lack of an absorbance peak of
a material to absorb localised energy delivered by laser requires an increased laser output [63].
This, in turn, will increase the energy expenditure required for fabrication.

In summary, it is important to identify a material’s particle morphology, thermal properties and
optical properties. In selective laser sintering, a material powder shape should be near spherical
to allow free flow characteristics for smooth recoating and a denser packing. This will allow
for a denser fabricated part. Second, the thermal properties of a material are important to create
a controlled temperature environment that utilises minimal energy for sintering and postprocessing. Lastly, the optical properties of a material will determine the choice of laser
selected for sintering and this is further explored in Section 1.4.2.2.
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1.4.2.2 Choice Of Lasers For Selective Laser Sintering

An investigative study of 10.6 µm CO2 laser absorbance in high-density polyethylene (HDPE)
and commercial polyamide material showed that HDPE lacks an absorbance peak at 10.6 µm
and required an increased laser output to compensate for the lack of energy absorbed to sinter
HDPE [63]. Figure 1.9 shows the optical properties for both HDPE and commercial polyamide.
A 10.6 µm CO2 laser is well suited for sintering polymers as most polymers have high light
absorption [74] within the infrared range. A comparative study comparing CO2 laser and
Nd:YAG laser on hydroxyapatite-high density polyethylene (HA-HDPE) powder was
conducted to see how particle fusion was influenced by laser source and particle size [75] . It
was found that a large amount of particle fusion was observed for samples sintered by CO 2
laser whereas Nd:YAG laser produced a large amount of coalesced particles [75]. Fusion is
defined as connective structures formed between solid raw material particles that receive
enough energy to melt into viscous liquid that flows into the void space between particles
forming sintered connections [76].

Figure 1.9: Optical properties for commercial polyamide and HDPE [63].

Single line energy density can be calculated based on the distribution of laser energy output
from a straight line and is defined by dividing laser output power by laser spot size or beam
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diameter and laser scan speed. Specific energy was calculated as showed in Equation 1.1 [75,
77].

𝐄𝐝𝐞𝐧𝐬𝐢𝐭𝐲 =

𝐏𝐥𝐚𝐬𝐞𝐫
𝐕𝐬𝐜𝐚𝐧 ∗ 𝐃𝐥𝐚𝐬𝐞𝐫

Equation 1.1

Edensity = Single line energy density, J mm-2
Plaser

= Laser power, W

Vscan

= laser scanning speed, mm s-1

Dlaser = laser spot size, mm

In some cases, single line energy density was calculated by Equation 1.1 with the laser spot
size, Dlaser, substituted with scan spacing [77]. The illustration of laser scan spacing, laser spot
size or laser diameter together with laser scanning direction is shown in Figure 1.10 [75].

Figure 1.10: Illustration of laser scan spacing, laser spot size or laser diameter [75].
In summary, it is crucial to understand the optical properties of HDPE as SLS may utilise
specific wavelengths of the light source to deliver energy to a localised area. Furthermore, the
energy density delivered to the sintering surface should be sufficient to induce fusion between
HDPE particles. In this present research, the fabrication was conducted with a CO2 laser light
source in a non-controlled temperature. The CO2 laser light source was chosen as it induces a
large amount of particle fusion compared to a Nd:YAG laser. Particle fusion is important for a
stable fabricated part and CO2 laser is well suited for polymers. The next section will elaborate
the challenges of fabricating HDPE using SLS methods.
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1.5 The Challenges In Fabrication Of High-Density Polyethylene (HDPE) Grafts
Feasibility studies of fabrication of HDPE for knee implants by selective laser sintering (SLS)
has been undertaken in the past [68]. High density polyethylene has been used clinically and
has been implanted at the cranial region [38, 41, 45]. However, the fabrication method of the
implant is not clearly mentioned. A quick online search has shown that there are four HDPE
allograft products being used clinically in the market place under the names of Medpor [78],
SYNPOR® [79], SU-POR® [80] and StarPore™ [81]. StarPore™ is the focus of this project
due to the trilobal particle morphology that produced an open pore trabecular structure similar
to the native bone when fabricated conventionally and it is a proprietary product of Anatomics
Pty. Ltd. Current conventional fabrication methods used to produce porous bone grafts from
StarPore™ are based on a compression moulding technique developed by Anatomics Pty. Ltd.
This method requires the production of single use customised moulds for each patient, resulting
in wastage of materials and additional cost.

The use of SLS is well established in medical applications as SLS does not require special
support structures to maintain the fabricated part during sintering. It is supported by the levels
of powder deposited at interval cycles and the unsintered powder can be removed or recycled
after the fabricated part is complete [82]. Hence, SLS may be an alternative method for
producing customised porous StarPore™ implants.
The current challenges for the fabrication of StarPore™ using SLS are the narrow temperature
sintering window of opportunity and particle morphology. Because of the proprietary
manufacturing method, the morphology of raw materials lacks the ideal spherical shape and
the particles are large. This project will focus on the understanding of StarPore™ fabrication
characteristics and development of sintering protocols to produce a reproducible fabrication
result. In order to overcome the challenges, the research aims were divided into three phases: 1) powder characterisation, 2) establishment of a single-level fabrication methodology and 3)
establishment of a multi-level fabrication methodology.
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1.6 Research Aims
The aim of this research was to establish a fabrication protocol for proprietary high-density
polyethylene, StarPore™. In order to achieve the research aim, the research was divided into
three phases. The first phase, powder characterisation, was conducted to give an understanding
on the intrinsic and extrinsic properties of StarPore™ powder, and to determine the challenges
that might be associated with it during fabricating a single-level sample. The second phase
involved characterising particle and physical changes qualitatively and quantitatively with
various fabricating strategies on a single-level fabrication, and then to proceed to mechanical
testing to characterise the properties of a fabricated single-level sample. The third phase
involved characterisation of a multi-level sample in order to determine which single-level
fabrication strategy was suitable. In addition, fabricated multi-level porosity and multi-level
mechanical properties were characterised. The details of each of the project phases are as
follow:

Phase 1: Powder Characterisation Phase
The purpose of this phase was to determine the morphological properties, thermal properties,
optical properties and the crystallinity phase of StarPore™ using the following steps:
•

StarPore™ powder morphology was visualised under optical microscopy to determine
the particle shape and size.

•

StarPore™ reflectance and transmission properties were characterised through optical
spectroscopy.

•

StarPore™ sample purity and decomposition temperature were examined via
thermogravimetric analysis

(TGA). Melting

temperature and crystallisation

temperature were ascertained via differential scanning calorimetry (DSC).
•

StarPore™ crystal phase examination was conducted via micro-CT to determine the
crystal phase changes for virgin and non-virgin powder.

The results and discussion of this phase are given in Chapter 1.

Phase 2: Establishment Of Single-Level Fabrication Methodology
The purpose of this phase was to determine the effect of different scanning strategies on a
single-level sintered part and to perform mechanical tests on the product as given in the
following steps:
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•

Sintered StarPore™ structural changes in terms of sintered height change (∆sH), and
sintered depth (sD) from the sintering bed surface were characterised quantitatively and
qualitatively. The quantitative characterisation is to give a picture of the structural
changes of the sintered single-level, and qualitative characterisation is to identify the
observable distinct particle changes throughout the sintering process. Once the
qualitative characterisation has been determined, the laser output sintering window can
then be determined.

•

Single-level StarPore™ sintered with different laser spot size was used to determine
the structural and particle changes. This was conducted to determine the suitable
sintering focal distance from the lens which will result in the thinnest single-level
thickness.

•

Dimensional changes were characterised for fabricated dogbones to design a dogbone
to determine a suitable hatch offset that was used in Phase 3. Also, dimensional changes
for heat-treated dogbones compared to the fabricated dogbones were characterised.

•

To characterise and optimise mechanical properties for a single-level sintered sample.

The results and discussion of this phase are given in Chapter 3.

Phase 3: Establishment Of Multi-Level Fabrication Methodology
The purpose of this phase was to determine the effect of different fabrication strategies on a
multi-level platform, to perform mechanical tests, and to gauge the changes in porosity. The
experimental steps are given below.
•

Multi-level StarPore™ sintered with various fabrication strategies such as scanning
schematics, scan spacing, laser output and introduction of compaction was investigated
and characterised to determine an overall thinnest sintered sample per sintered level.

•

Multi-level StarPore™ pre- and post-heat-treated structural porosity was characterised
via structural porosity calculation and micro-CT analysis to determine the porosity
percentage resulting from fabrication and the changes after heat-treatment.

•

Dimensional changes of the heat-treated samples compared to the fabricated samples
were characterised.

•

To characterise and improve mechanical properties for a multi-level sintered sample

The results and discussion of this phase are given in Chapter 4.

The experimental phase summary is shown in Figure 1.11.
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Phase 1
• Powder
characterisation
• Powder morphology
• Size
• Shape
• Optical properties
• Transmisson
• Reflectance
• Thermal properties
• Thermogravimetric
Analysis (TGA)
• Differential
scanning
calorimetry (DSC)
• X-ray diffractogram
(Crystallanity phase)

Phase 2
• Establishment
of single-level
fabrication
methodology
• Scanning stratergies
• Hatch distance
• Scan count
• Hatch pattern
• Laser spot size
• Dimension changes
• Fabrication
changes
• Heat treated
changes
• Mechanical test

Phase 3
• Establishment
of multi-level
fabrication
methodology
• Recoating mass
• Fabrication
stratergies
• Laser output
• Scanning
schemetics
• Laser scan space
• Dimension changes
• Heat-treated
changes
• Micro-CT porosity
and bulk porosity
• Mechanical test

Figure 1.11: Flowchart to show the experimental process.
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2

Chapter 2: Powder Characterisation

It has been identified from the literature review in Chapter 1, that high-density polyethylene
(HDPE) has two limitations. These two limitations are a narrow temperature sintering window
and non-ideal particle morphology. The significance of these limitations is twofold. Firstly, a
narrow temperature sintering window is disadvantageous because excessive energy applied
outside of this temperature window may lead to warping or distortion of the sintered powder
layer, and secondly, selective laser sintering platforms typically require a spherical particle
morphology in order to have control over the sintering processes. However, in this present
research the StarPore™ has a distinct trilobal shape in order to produce an open trabecular
structure that mimics the bone structure. As this material differs from commonly employed
powders it was essential to gather an understanding of raw particle structural changes under
different processing parameters and then to determine the effect of particle and physical
changes on the proposed selective sintering process. Finally, it was necessary to develop
strategies to accommodate particle changes during controlled multi-level sintering of
proprietary HDPE, StarPore™.

Understanding the physical characteristics of StarPore™ in terms of morphology, thermal
properties and optical properties was important to determine its inherent processing limitations
and to develop possible ways to overcome the limitations. Section 2.1 focuses on the
characterisation methods for StarPore™ in terms of morphology, optical properties, thermal
properties and crystal phases. Section 2.2 focuses on the results of these characterisation studies
which will be used to determine suitable fabrication strategy parameters discussed in Chapter
3.

2.1

Materials And Methods

StarPore™ particles prepared via an automated extrusion and pelletising process, were
supplied by Anatomics (Australia) Pty. Ltd. as produced. The material was used as provided,
with no additional pre-processing or treatment performed prior to characterisation and
experimental use. The supplied StarPore™ particles were imaged using optical microscopy to
characterise the particles morphology individually and in bulk (Section 2.2.1) and the optical
characteristics for StarPore™ were examined for a range of wavelengths in various bulk sample
thicknesses to represent the powder bulk depth from the sintering surface (Section 2.1.2). The
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thermal properties of StarPore™ were later examined to determine the material purity,
decomposition temperature and temperature sintering window (Section 2.1.3) and, lastly, the
powder crystallinity was examined for virgin and non-virgin StarPore™ powders (Section
2.1.4).

The illustration of the overall experimental step discussed in Chapter 2 is shown in Figure 2.1.

Figure 2.1: Illustration of the experimental steps conducted for StarPore™ powder
characterisation.
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StarPore™ Morphology

To perform an assessment of the supplied powder particle morphology, thirty particles were
chosen at random from the bulk supply for inspection and measurement via 2D microscopy.
Microscope images were captured via a Leica M205A (Leica, Germany). Sample particles
were arranged and securely mounted between two standard 1.0 mm thick glass microscope
slides (25 mm x 75 mm) to prevent movement or deformation during imaging, as shown in
Figure 2.2.

Figure 2.2: Thirty randomly selected StarPore™ particles mounted between two glass
slides, for inspection by optical microscopy.

StarPore™ Optical Properties

Optical characteristics of bulk powder volumes with graduated thicknesses (1.0, 1.3, 2.9, 4.5,
5.6 and 8.0 mm) were examined with a UV-3600 UV-VIS-NIR spectrophotometer (Shimadzu,
Japan). Thickness increments were based on available acrylic sheeting. The intent of examining
graduated powder thicknesses was to provide insight into the effect that this would have on
light reflectance from the bulk surface and light transmission through the relatively large voids
between particles.

Experiments were conducted over a wavelength range of 350 nm to 2000 nm. Barium sulphate,
BaSO4, was used as a reflectance standard because of its high reflectance rate of approximately
99% [83]. Optical properties of HDPE from wavenumbers 6.0 µm to 25.0 µm have been
reported in the literature [63]. Wavenumber is a reciprocal of wavelength. Thus, in this research
a lower wavelength than 6.0 µm was studied. The wavenumbers are from 28,571 cm-1
(wavelength: 350 nm) to 5,000 cm-1 (wavelength: 2000 nm).
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Variable thickness sample holders were built from laser-cut acrylic sheets of known thickness,
with a Ø 20 mm hole cut from the mid-section to serve as a chamber to hold the raw StarPore™
powder. These laser-cut sheets were then individually packed with the sample powder and
sealed using two glass slides with a tape as showed in Figure 2.3.

Figure 2.3: Controlled thickness sample holder arrangement for use in light reflectance
studies.

StarPore™ Thermal Properties

Thermogravimetric analysis (TGA) was conducted with a TGA Q500 instrument (TA
Instruments, Delaware, USA) to identify the decomposition temperature onset of StarPore™
and sample purity of supplied StarPore™ material. Thermogravimetric analysis was conducted
with temperature increment rate of 10 °C/min under a nitrogen atmosphere, over a temperature
range from room temperature to 650 °C. The onset of decomposition temperature was
determined by the intersection of stable weight gradient and rapid weight loss gradient. Three
TGA samples were used. The purpose of TGA was to determine the highest temperature that
can be applied in the selective laser sintering (SLS) chamber during sintering process.

Differential scanning calorimetry analysis (DSC) was conducted with a DSC Q100 (TA
Instruments, Delaware, USA) to determine the temperature sintering window of StarPore™
from the difference between crystallisation temperature, Tc, and melting temperature, Tm.
Differential scanning calorimetry was conducted with temperature increment rate of 10 °C/min
over a temperature range of 30 °C to 250 °C. Three DSC samples were used. The crystallisation
temperature, Tc, and melting temperature, Tm, range was used to determine the suitable
temperature conditions for sintering StarPore™ and to post-process the sintered part.
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In this research, the fabrication was conducted on a customised sintering platform under an
ambient temperature environment. Different fabrication strategies were employed to
characterise the change to StarPore™ particles and physical structure. The temperature range
of crystallisation temperature, Tc, and melting temperature, Tm, was used during postprocessing of fabricated parts to enhance their mechanical strength.
StarPore™ Crystallinity

X-ray powder diffraction (XRD) was conducted with an MMA XRD analyser (GBC Scientific
Equipment, VIC, Australia) to determine the crystallinity of StarPore™ powder samples as
provided, and also for samples of StarPore™ powder that had gone through sintering cycles
(for discussion in later sections on processing and construct fabrication). The crystallinity was
expressed in arbitrary unit against 2 theta (2θ). The XRD scan angle was conducted from 10°
to 60° with increments of 2° per minute.

In this thesis, virgin powder refers to fresh unused power free from any heat exposure that had
not been used before for sintering, while non-virgin powder refers to recycled powder that had
gone through sintering cycles and was recycled for sintering purposes. Non-virgin powder was
assumed to have been exposed to elevated temperatures during previous sintering cycles.

During the sintering process, thermal exposure may have changed the crystal phase of the nonvirgin powder. Understanding the intensity peaks may give some idea about the limit of the
recyclability of the StarPore™ powder. The characterisation of crystal phases of the virgin and
non-virgin powder is the focus of the research. The recyclability limit is outside the scope of
this research and should be examined in the future.

Figure 2.4 shows the collection of non-virgin powder from the custom sintering platform. The
sintering platform designed volume was 55 mm × 55 mm × 20 mm. The fabricated sample size
was 20 mm × 20 mm and the thickness varied based on laser output parameters. After
fabricating a sample, the sample was removed from the sintering platform. The platform was
then topped-up with fresh virgin powder, thoroughly mixed and excess removed with a flat
blade to level the sintering platform for the next sample fabrication. A calculation was
conducted to estimate the ratio of the top-up virgin powder to the non-virgin powder, the top25

up virgin powder for the sintered depth was assumed to be 1.1 mm based on the average
sintered depth from laser output 14 W to 30 W (Figure 3.9). Hence, volume of virgin powder
and non-virgin powder was about 440 mm3 and 60,060 mm3 and the ratio volume of virgin to
non-virgin powder was 1:137.

Figure 2.4: Sample production cycle where StarPoreTM powder was exposed to heat (red
box) and the ratio of virgin and non-virgin mix was calculated based on the assumed filled
sintered depth of 1.1 mm (green box).

2.2

Results And Discussion

StarPore™ particle morphology was studied to understand the physical appearance of the
particles during resting on the sintering bed and how increasing laser output affects the particle
and physical changes. This is further elaborated in Section 2.2.1.

The efficiency of light being transmitted and reflected at a set of wavelengths to determine the
energy absorbed at different sintering bed depth (thickness) is described in Section 2.2.2.

The gap between melting (Tm) temperature and crystallisation (Tc) temperature is the operating
temperature range. It is crucial to know the range of temperature that can be utilised to post26

process the fabricated material without resulting in excessive structural changes. Furthermore,
understanding the decomposition curve of the material provides important information on
StarPore™ material purity. The operating temperature and material purity are elaborated on in
Section 2.2.3.
The crystal phases for virgin and non-virgin StarPore™ were characterised to give an early
understanding of the quality of StarPore™ particles used. Virgin StarPore™ exposed to
irradiated temperature and recycled for the next sintering process, may had reduce the sintered
efficacy due to the change in crystal phases. The characterisation of crystal phases was
elaborate Section 2.2.4.
StarPore™ Morphology

Optical microscope analysis revealed the irregular trilobal particle morphology of StarPore™,
a key feature of this product. The trilobal particle morphology produced an open porous
trabecular structure resembling that of native bone conventionally fabricated via the moulding
process. A subset of six raw particles were measured from the larger sample set of thirty
particles as the orientation of the remaining particles prevented clear observation of their lobal
structures. Another subset of six particles was chosen for particle thickness. Nominal measured
diameter and lobal widths over the small sample subset were 892±30 µm and 226±32 µm
respectively. One of the characterised particles is shown in Figure 2.5. The thickness of the
particles was 522±110 µm and is shown in Figure 2.6. These morphological properties of
StarPore™ contrast dramatically with the morphologies of sintering polymers polyethylene
[63, 66, 69, 71] and polyamide-12 [63, 84, 85], commonly reported in the literature as being
spherical in nature with particle diameters of between 100 µm and 150 µm.

Lobal width

Lobal radius

Figure 2.5: Example of optical microscopy of StarPore™ particle showed that the shape
is trilobal.
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Figure 2.6: Example of optical microscopy of StarPore™ particle. StarPore™ particles
were produced via automated and extrusion process and the thickness varies based on
the flowability of the heated material.

An optical microscope image of randomly ordered bulk powder is presented in Figure 2.7. This
image highlights how the trilobal morphology leads to irregular stacking and interlocking of
particles in a bulk powder bed. The induced open pore areas are also evident. Apparent pore
sizes in this non-sintered powder were observed to range between approximately 200 µm to
550 µm. The non-uniform powder surface would be expected to impact on the optical
properties of the bulk powder. This would in turn affect the reflectance and transmission of
light from the laser and investigation of this is discussed in Section 2.2.2.

Figure 2.7: Optical analysis of bulk StarPore™ powder at sintering bed surface.
In summary, the trilobal particle shape of StarPore™ is unique because of the manufacturer’s
proprietary manufacturing technique. As per the manufacturer’s intent, the trilobal shape was
designed to allow a porous structure to be formed during the moulding process currently
employed in manufacture and, thus, creating a trabecular structure similar to human bone
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trabecular structure. However, the trilobal shape of StarPore™ particle may pose some
challenges during the fabricating process. The trilobal shape prevents the particle free flow
behaviour that allows smooth recoating process and higher packing density. Optical analysis
on bulk StarPore™ shows that the trilobal shape also creates large gaps between particles at
rest. The large particle size also contributes to the gaps between the particles. This would be
expected to have an impact on optical reflectance and transmission properties and is discussed
in the following section.
Powder Optical Properties

Prepared samples were examined to quantify the StarPore™ materials reflectance in
comparison to a highly reflective standard. Figure 2.8 presents reflectance data over six packed
sample thicknesses between 1.0 mm and 8.0 mm. The captured data clearly show that measured
percentage reflectance increases with increased sample thickness; from approximately 60% for
sample thickness of 1.0 mm to as high as 90% for sample thickness of 8.0 mm. The increase in
reflectance percentage could be due to the compounding effect of raw StarPore™ reflectance
because of gaps at the surface that allows light to travel between the gaps to be reflected by the
raw StarPore™ below the surface. In addition, the light could be scattered during the
experiment in response to particle morphology, and the scattering increases as the sample
thickness increases.

Reflectance (%)

Reflectance vs Wavelength
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Figure 2.8: StarPore™ reflectance increases as the sample thickness (or free structure
depth) increases.
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The opposite was seen for the transmission curve in Figure 2.9, where the transmission reduces
from approximately 30% for sample thickness of 1.0 mm to less than 5% for sample thickness
5.6 mm. Other subsequent samples are not shown as they had a similar trend to sample
thickness 5.6 mm. This showed that the 1.0 mm thickness of the bulk sample was insufficient
to prevent light transmission through the surface exposed to the light source. This is due to the
large particles size that created large gaps in between the particles. The large gaps allowed light
to pass through and transmit to the subsequent gaps below the surface. It took about 5.6 mm
thickness to reduce the transmission to 5%. And this clearly showed that irradiated heat from
a laser may penetrate the sintering bed by 5.6 mm.

Transmission (%)

Transmission vs Wavelength
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Figure 2.9: StarPore™ transmission decreases as the sample thickness (or free structure
depth) increases.
In summary, the large StarPore™ particle size and shape allowed light to be transmitted
through the gaps between the particles at the surface to the particles below. This may have an
effect on light been scattered through the bulk and reduce the energy delivered to the localised
surface area. The light transmission through the bulk was also limited by the large particle size
and shape and a depth of 5.6 mm was needed to reduce light transmission through the powder
bulk by 5%. The light transmission reduces, and reflectance increases when the overall bulk
thickness is increased. Because of the high light reflectance (~60%) and transmission (~30%)
for 1.0 mm thickness, an increase of laser output energy was required to induce fusion between
StarPore™ particles [63, 36]. This will be further explored in Chapter 3 with various laser
outputs for each fabrication strategies.
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Powder Thermal Properties

Thermogravimetric analyses (TGA) of the three samples are showed in Figure 2.10 and the
average TGA is showed in Figure 2.11. The three StarPore™ decomposition curves showed a
single-phase decomposition which suggests the material was made of pure high-density
polyethylene (HDPE). A derivative thermogravimetry (DTG) was calculated from the TGA
curve to show that the decomposition occurs almost totally in one step (Figure 2.11). The
measured weights for the three TGA samples were 10.7 mg, 9.3 mg and 10.8 mg. The onset of
decomposition starts when the temperature reaches approximately 423±7 °C (Figure 2.11).
This showed that StarPore™ remained relatively stable until reaching the decomposition onset
temperature. A literature review of the HDPE decomposition temperature range was found to
be 390 °C to 490 °C [86]. This supported the decomposition temperature of StarPore™ as it
falls in this range.

TGA: StarPore™
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Figure 2.10: The TGA for three StarPore™ samples.
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Average StarPore™ TGA and DTG

Weight Remaining (%)

x = 423±7°C
y = 98.9±0.3%

TGA

1

0.10
0.05

0.8

0.00

DTG
0.6

-0.05

0.4

-0.10

0.2

-0.15

0

Derivative Weight Loss (%/min)

1.2

-0.20
0

100

200

300

400

500

600

Temperature (°C)

Figure 2.11: The average decomposition temperature onset of StarPore™ calculated at
423±7 °C and the StarPore™ DTG curve show that the decomposition occurs almost at
one step.

Digital scanning calorimetry (DSC) analysis of the three samples is shown in Figure 2.12 and
the average crystallisation and melting temperatures were approximately 117±0.6 °C and
130±1.5 °C respectively. The measured weights for the three DSC samples were 4.0 mg, 5.0
mg and 5.0 mg. The average StarPore™ heat flow cycle is shown in Figure 2.13. According to
MatWeb material property data, the HDPE melting temperature range is 118 °C to 137 °C and
crystallisation temperature range is 108 °C to 120 °C [87], this supported the melting and
crystallisation temperature of StarPore™. StarPore™ possessed a very narrow temperature
sintering window of approximately 13 °C. A commercial polyamide DSC was conducted as
well and the crystallisation and melting temperature are at 154 °C and 186 °C respectively
(Figure 2.13). A literature review showed that the crystallisation and melting temperatures for
commercial polyamide are 143 °C and 184 °C respectively [88], indicating a substantially
larger working window of approximately 40 °C. In general, a wider sintering process window
allows for greater flexibility in applied energy, more controlled cooling and solidification, and,
in turn, a reduced potential for deformation or warping of the sintered layer [36].
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Figure 2.12: The DSC for three StarPore™ samples.
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Figure 2.13: DSC analysis showed StarPore™ possesses a narrow temperature sintering
window compared to commercial polyamine.

In summary, the single-phase TGA curve for StarPore™ showed the material was
manufactured with pure HDPE and the decomposition temperature was approximately 423±7
°C. The melting temperature for StarPore™ is 130±1.5 °C and the crystallisation temperature
is 117±0.6 °C, showed that the fabricated StarPore™ has a very narrow sintering temperature
range. This narrow range thus had to be considered for the development of fabrication strategies
presented and explored in Chapter 3.
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Powder Crystal Phase

Figure 2.14 shows the XRD analysis of StarPore™ virgin and non-virgin powder. Two major
peaks at 21.5° and 24.0° were observed and are consistent with HDPE peaks reported in other
literature [63, 89, 90]. The peak intensity for 21.5° reduces from 9959 a.u. (virgin StarPore™)
to 9122 a.u. (non-virgin StarPore™). While peak intensity for 24.0° reduced from 2944 a.u. to
2777 a.u. for raw and recycled StarPore™ respectively. In addition, both the peaks at 21.5° and
24.0° could be of orthorhombic phase 110 and 200 [63]. Also, a crystal phase 020 at 36.2° was
observed for both samples [89]. Trace amount of amorphous monoclinic 001 was observed at
19.5° [91, 92] for virgin sample only.
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Figure 2.14: XRD analysis for both samples. The crystal phases 110, 200 and 020 can be
seen for both the samples at 21.5°, 24.0° and 36.2° [89] except 001 which exists only for
virgin StarPore™.

In conclusion, both virgin and non-virgin samples showed similar peaks for crystal phases at
21.5°, 24.0° and 36.2°, with the intensity peaks for non-virgin samples lower than for virgin
samples by -8% and -6% for 21.5° and 24.0° respectively. This suggests that the recycled
StarPore™ powder may have reduced sintering efficacy as it was reused. The crystal phases
for virgin and non-virgin StarPore™ will be studied in the future.
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2.3

Chapter Conclusion

Optical microscopy analysis showed the trilobal morphology of the “as supplied” StarPore™
particles. Measurements taken indicate that the trilobal particles can be bounded by a cylinder
with a diameter of 892±30 µm, and a height of 522±110 µm. The trilobal shape prevents raw
material “free flow” behaviour due to the distinct edges, and induces pores within packed
powders which are a key feature of the material in its present commercial application.
Furthermore, the large size will further exacerbate the gaps at the sintering surface that are a
result of high surface area to volume ratio.

The large StarPore™ particle size and shape allowed light to be transmitted through the gaps
between the particles at the surface to the particles below. The sample bulk thickness
corresponds to the sintering bed depth. The light transmission through 1.0 mm bulk thickness
was 30% but reduced with increasing thickness to about 5% for 5.6 mm bulk sample thickness.
The light reflectance was approximately 60% for 1.0 mm bulk thickness and increased to about
90% for 8.0 mm bulk thickness. This showed that the StarPore™ powder possessed a highly
reflective property for 1.0 mm bulk thickness and increase in reflectivity as the thickness was
increased. Selective laser sintering requires sintering to occur at the surface of the powder bed
and, considering the reflective and transmission properties that the StarPore™ particle
possessed, a series of laser output for each fabrication strategies is explored in Chapter 3.
Thermal analysis via TGA graphs showed that the raw StarPore™ decomposition was a singlephase curve and indicated that StarPore™ consists of a single material. The DSC graph showed
that the StarPore™ temperature sintering window range lies between 117±0.6 °C and 130±1.5
°C, This means that the StarPore™ sintering window temperature range was approximately 13
°C, which clearly showed the limitation of StarPore™ in terms of temperature flexibility, thus
impacting on the operating temperature range for heat-treatment.
Other characterisation results such as of the crystal phase, showed StarPore™ crystal phase at
21.5° and 24.0° had a reduction in a.u. amplitude from raw material (virgin) to recycled
material (non-virgin). This clearly shows the ratio of virgin to non-virgin StarPore™ powder
mix does not have a significant impact on powder quality.
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From the above findings, it was considered that the one major limitation of StarPore™ was a
narrow temperature sintering window, while particle morphology may not be a limitation as it
is a unique feature that allows for producing open trabecular structures similar to that of bone.
The material characterisation data is discussed in the following Chapter 3 that examines the
effect of different fabrication strategies on single-layer powder bed sintering to determine
suitable fabrication strategies before progressing to multi-level fabrication studies in Chapter
4.
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3

Chapter 3: Establishment Of Single-Level Fabrication Methodology

This chapter focuses on understanding how StarPore™ particles behave following various
fabrication strategies, including laser energy intensity, laser focus, and laser sintering
schematics, within a controlled bed thickness of particles on a single-level fabrication. Singlelevel fabrication refers to the first level sintered part of a raw material on a substrate or on a
free structure. Previously, Chapter 1 discussed two processing challenges posed by StarPore™
particles in comparison to conventional polyamide powders formulated for use in selective
laser sintering systems. These two challenges are the narrow temperature window for
StarPore™ (117±0.6 °C to 130±1.5 °C) and the large trilobal particle morphology.

This present chapter categorises distinct particle changes of StarPore™ on different singlelevel fabrication strategies. Fabricated StarPore™ physical changes were characterised into
fabricated single-level thickness, sintered height and sintered depth.

Dimensional changes were characterised from a series of single level dogbones fabricated from
a designed dogbone. The fabricated dogbones were heat-treated and also characterised for
dimensional changes.

Lastly, mechanical tests were conducted on all three dogbone sample groups to characterise
the mechanical properties achievable through fabrication and after heat-treatment.

Characterising and understanding the changes that occur with each specific single-level
fabrication strategy helped to provide data to address the limitations of single-level fabrication
on a multi-level construct (explored in Chapter 4).

3.1 Materials And Methods
A fabrication platform measuring 55 mm × 55 mm × 20 mm was produced to facilitate
experimentation and constrain a controlled volume of StarPore™ particles. Section 3.1.1
focuses on experimental methods on six different fabrication strategies at a range of laser
output to qualitatively characterise the particle changes and quantitatively characterise physical
changes, such as sintered height change (∆sH) and sintered depth (sD) from sintering bed
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surface and overall fabricated single-level thickness, after fabrication. Single-layer thickness is
the total thickness of the sintered height change (∆sH) and sintered depth (sD) measured. Figure
3.1 shows the structural changes, such as sintered height change (∆sH) and sintered depth (sD)
from sintering bed surface and overall fabricated single-level thickness, during sintering.
Section 3.1.2 focuses on fabrication with different laser spot sizes and particle and physical
changes were categorised in the same manner as described in Section 3.1.1. Section 3.1.3
focuses on the fabricated accuracy from the fabricated dogbone to the designed dogbone and
Section 3.1.4 focuses on the dimensional changes of heat-treated dogbone and the fabricated
dogbone in Section 3.1.3. Section 3.1.5 focuses on the mechanical properties of the fabricated,
120°C and 130°C heat treated dogbone sample groups.

Figure 3.1: Showing the sintered height change (∆sH) and sintered depth (sD) that occurs
during sintering. The single-level total thickness is the combination of measured sintered
height (∆sH) and sintered depth (sD).
The illustration of the overall experimental step described in Chapter 3 is shown in Figure 3.2.
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Figure 3.2: The illustration of the experimental steps conducted for single-level
fabrication.

Single-Level Fabrication Strategies

A commercial laser cutting platform equipped with a 10.6 µm CO2 laser (Universal Laser
Systems, USA) was employed to provide laser energy and control X, Y positioning of the
focused laser beam. A beam focus tool was used as per the manufacturer’s instructions to set
the distance between the laser outlet lens and the top surface of the powder bed. This distance
(50.8 mm) was set as per the manufacturer’s instructions [93] to achieve a laser spot size of
130 µm at the top surface of the powder bed and focus depth of ±2.5 mm. The commercial
laser cutting platforms afforded control over laser output energy (W), laser spot size (mm) and
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scan space (mm). Laser output energy (W) is the energy intensity delivered, laser spot size
(mm) is the laser beam diameter size on the surface, and scan space (mm) refers to the distance
between two rastering lines that are arranged parallel to each other. Figure 3.3 shows the build
platform for single-level investigation.

Figure 3.3: Sintering bed platform is positioned right below the laser source within the
laser cutter chamber.

Fabrication was conducted with the laser output in the range from 2 W to 30 W with increments
of 2 W. Laser scan speed was set to approximately 20% of the maximum laser vector speed of
500 mm/s (a theoretical calculation for the maximum laser scan speed at 100% was about 500
mm/s). The laser scan speed at 20%, which was about 100 mm/s, was selected after trial and
error. Laser scan speed at 500 mm/s did not result in any sintered part at that speed and the
speed was subsequently reduced to 100 mm/s where an apparent sintered part was achieved.
Pulse per inch (PPI) was set to 1000. Setting PPI to the maximum of 1000 pulses per inch
meant the laser was pulsing 1000 times per linear inch of travel and closely resembles a
continuous laser output. The sintering was conducted in a lab-controlled environment at 22 °C
and 45% humidity
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The sample size of 20 mm × 20 mm was designed. The sample sintering vector was designed
with CorelDRAW X6 software. Six different fabrication strategies were designed as described
in Table 3.1. A total of nine repeats for each sample were conducted.
Table 3.1: The sample naming is based according to the type of scanning strategies
(Parallel or P&P-parallel and perpendicular), scan count and scan space. For example,
Parallel 2X1.0 means the sintering vector was arranged parallel to each other with scan
space of 1.0 mm and scan count of 2. Scan count refers to the number of repeats on the
same sintering level.
Sample
Parallel 1X1.0

•
•
•
•
•
•

Description
Twenty-one lines arranged parallel
Scan space of 1.0 mm.
Single scan.
Twenty-one lines arranged parallel
Scan space of 1.0 mm.
Double scan.

Parallel 1X0.5

•
•
•

Forty-one lines arranged parallel
Scan space of 0.5 mm.
Single scan.

P&P 1X1.0

•

P&P 2X1.0

•
•
•

Twenty-one lines arranged parallel and
rotated 90 form perpendicular lines.
Scan space of 1.0 mm.
Single scan.
Twenty-one lines arranged parallel and
rotated 90° form perpendicular lines.
Scan space of 1.0 mm.
Double scan.

Parallel 2X1.0

•
•
P&P 1X0.5

•
•
•

Scanning Schematics

Forty-one lines arranged parallel and
rotated 90° form perpendicular lines.
Scan space of 0.5 mm.
Single scan.

The experiment was designed to understand how different fabrication strategies will affect the
particle and structural changes during sintering. A scan spacing with a dimension similar to the
particle size (≈1.0 mm) was nominated as the initial scanning strategy for Parallel 1X1.0, then
the introduction of scan count 2 (Parallel 2X1.0) was conducted as it introduced energy in a
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gradual manner to the earlier sintered part resulting in greater definition. Next, reducing scan
space to 0.5 mm (Parallel 1X0.5), was conducted as a comparison to sample Parallel 2X1.0
because the energy delivered by both samples is twice as much as sample Parallel 1X1.0.
However, the energy delivered to sample Parallel 1X0.5 was directly on a non-sintered raw
particle surface, whereas sample Parallel 2X1.0 was sintered twice, with the second sintering
repeated on the same hatching lines on the earlier sintered part. Lastly, the experiment was
repeated with P&P configuration. Parallel and perpendicular configuration was sintering
conducted on the same level, whereby, the first sintering was conducted with a parallel
sintering pattern and then the parallel pattern is rotated 90° for the second sintering.

After successful sample sintering, a modified tabletop digital Vernier calliper was used to
measure the sintered height changes (∆sH). Next, the sintered sample was removed and
measured with a handheld Vernier calliper for the overall sintered sample single-level
thickness. Sintered depth (sD) was obtained by subtracting overall fabricated single-level
thickness from the sintered height. The sintered samples particle changes were observed under
a LEICA M205A optical microscope and micro-CT to qualitatively characterise particle
changes with increased laser output. The scanned micro-CT image was reconstructed with
software called Materialise MIMICS.

Laser Spot Size

The laser spot size at a focal point distance of 50.8 mm (2 inches) from the laser lens was 130
µm according to the manufacturer’s standard [93] and the depth of focus is ±2.5 mm. The focal
distance of 50.8 mm that produce a laser spot size of 130 µm will be known as the origin. Laser
spot sizes were manipulated via adding distance between the lens and the sintering bed from
origin. The focal point distance was set to +1.5 mm, +4.5 mm, and +7.5 mm away from origin.
The “+” denomination shows the added distance in mm from origin (in the direction away from
lens). It is not possible to accurately calculate new laser spot size for the new focal point
distance as the lens depth of focus range is about ±2.5 mm based on the manufacturer’s manual.
Theoretically, we can assume the laser spot size enlarges when the distance between the lens
and sintering bed increases or decreases compared to the spot size at the origin. The laser
diagram and the description of the new position of the spot sizes are showed in Figure 3.4.
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Figure 3.4: The illustration showing that the spot size will increase if the z distance is either
reduced or increased from the origin. The laser depth of focus is ±2.5 mm for spot size of

130 µm.
Fabrication Dimension Accuracy In Comparison To Designed Dimension
The single-level dogbone was fabricated with 18 W parallel and perpendicular (P&P) 1X1.0
fabrication strategy with the designed dimension shown in Figure 3.5. CorelDRAW X6
software was used to design the dogbone. The purpose of this experiment was to determine the
accuracy of the fabricated dogbone dimension compared to the designed dogbone dimension.
Three dogbones were fabricated for this experiment. After fabrication the dimensions A, B, C
and E was measured. Dimension D was not measured as it was difficult to gauge where the
start and the end points of are. Fabricated dogbones for this experiment were later used for
characterising dimension changes after heat-treatment discussed in Section 3.1.4 and
mechanical test in Section 3.1.5.
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Figure 3.5: The designed dogbone dimensions for fabricated StarPore™ dogbone.

Effect Of Heat Treatment On Structural Dimension

The single-level dogbone was fabricated with 18 W parallel and perpendicular (P&P) 1X1.0
fabrication strategy with the designed dimensions shown in Figure 3.5. Sintered HDPE parts
usually possess poor mechanical properties, and heat-treatment was necessary to improve the
properties [68]. The purpose of this experiment was to determine the dimensional changes of
the heat-treated dogbone compared to the fabricated dogbone dimensions. Two groups of heattreated dogbone were prepared: 1) the 120 °C heat-treated dogbone and 2) 130 °C heat-treated
dogbone. The selection of 120 °C and 130 °C as the heat-treatment temperatures was based on
the DSC results (Figure 2.13). The dogbone was exposed to heat for one hour with a ±3 °C
temperature error range measured with a digital thermocouple. The samples were put on top of
parchment paper in a glass Petri dish during heat-treatment. Three dogbones were fabricated
for each of the groups. After fabrication the dimensions A, B, C and E were measured.
Dimension D was not measured as it was difficult to gauge where the starting and the ending
points were. Heat-treated dogbones for this experiment were later used for mechanical tests
described in Section 3.1.5.

Mechanical Test

Samples prepared in Section 3.1.3 and 3.1.4 were used in this experiment. The purpose of the
single-level mechanical test was to characterise the stress-strain properties of the three sample
groups mentioned above. The three groups were: 1) Fabricated, 2) 120 °C heat-treated and 3)
130 °C heat-treated. The samples were then tested using an EZ Mechanical Tester by
Shimadzu, under a stress rate of 1 mm/min with maximum load cell capacity of 5 kN. Before
the samples were tested, they were glued to a sample holder at each end to act as an
intermediary between the dogbone samples and the mechanical test clamp. The purpose of the
sample holder was to avoid premature deformation caused by direct clamping to the clamp
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before the mechanical test. The single-level dogbone dimensions are shown in Figure 3.5 and
an example dogbone with sample holder in position at the mechanical tester clamp is shown in
Figure 3.6.

Figure 3.6: The dogbone sample in the mechanical tester clamp. The sample holder
(circled) acts as an intermediary to prevent deformation to the dogbones from the clamps.

3.2

Results And Discussion

Particle changes for Parallel 1X1.0 single-level sintered with a range of laser output from 2 W
to 30 W were carefully observed under an optical microscope to determine the particle changes
qualitatively and characterise the changes as discussed in Section 3.2.1. All other samples
particle changes are discussed and the laser output sintering window determined.

Physical changes for Parallel 1X1.0 single-level sintered depth and sintered height in relation
to increased laser output was carefully measured to give an overall picture of the physical
changes expected with increased laser output during sintering (discussed in Section 3.2.2).
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After obtaining the general idea of particle and physical changes for Parallel 1X1.0 single-level
sample, comparison with other sintering schematics are considered and discussed in Section
3.2.2.1 (parallel scanning schematics) and Section 3.2.2.2 (parallel and perpendicular scanning
schematics).

Next, after optimising the laser output sintering window for fabrication strategies, samples
fabricated with 18 W P&P 1X1.0 were studied for the effect of increasing laser spot size with
constant laser output on particles and physical changes. The changes are discussed in Section
3.2.3.

Single-level dogbones were fabricated from a designed dogbone to access the fabrication
changes and to determine the hatch offset that was applied in Chapter 4. The dimensional
changes for fabricated dogbones compared to the designed dogbone are discussed in Section
3.2.4. Two groups of dogbone were fabricated and heat treated at 120 °C and 130 °C
respectively to determine the dimensional changes after heat treatment (discussed in Section
3.2.5).

Lastly, single level dogbone mechanical tests on sintered and heat-treated samples are
discussed in Section 3.2.6.

Laser Sintered Particles Morphology Characterisation
Six distinct particle changes were observed based on StarPore™ morphology changes
fabricated with different laser outputs (see Figure 3.7). The sintering onset began when raw
particles received enough energy to deform without particle fusion (Figure 3.7-A). As the
energy density was increased, the deformed particles formed minor fusion between particles
(Figure 3.7-B), and evident fusion between particles grew as the laser energy output increased
(Figure 3.7-C), subsequently leading to formation of a coalesced structure (Figure 3.7-D).
Further increases in laser output caused vaporisation and voids within the coalesced structure
(Figure 3.7-E), and finally led to degradation and a burnt coalesced structure as excessive
energy was delivered (Figure 3.7-F).
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A
Particles deformed. No fusion observed. Fragile.
Onset of sintering begins when the raw StarPore™ particles
received the minimum energy threshold to begin deforming.
• The particles lose their trilobal shape partially and start to
expand in size.
• Fusion between particles was not observed at this stage.
•

•
•

B
Particles deformed with minor fusion
Lower sintering limit.
Increasing the laser energy output above the minimum
energy threshold, causes the StarPore™ to deform and melt.
During melting, fusion between particles occurs.
Some particle trilobal shape are observed

•

C
Particles deformed with evident fusion.
Fusion more evident.

•
•

•
•

•
•

•
•

D
Presence of fusion and coalesce
Upper sintering limit.
Evident fusion was observed when the sintered StarPore™
particles completely lose their trilobal shape and join to form
a coalesced structure.

E
Presence of dual layer, voids within coalesce
Voids were formed within the melted coalesced structure.
The upper sintered layer appears to be melted rather than
coalesced. While the coalesced structure below the melted
surface remained the same.

F
Presence of burnt area.
Burnt area present as the laser energy delivered is too high.
Frequent fire flashes were observed during sintering.

Figure 3.7: Optical microscopy of StarPore™ particle changes at various fabrication
stages. Each sintering stage has its own colour denomination.
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The overall colour-coded microscopic analysis summary for all the six sintered samples is
shown in Table 3.2. The optical analyses served to determine the lower limit and upper limit
of sintering respectively. The laser output lower limit was defined by the fusion produced by
the lowest laser output while the laser output upper limit was capped at the highest sintering
laser output that does not result in the presence of voids that are trapped in the coalesced HDPE
that is the result of excessive energy delivered to the sintering bed. The laser output range
between the laser output lower limit and the upper limit is the laser output sintering window.

Table 3.2: Summary of particle analysis based on optical microscopic analysis. The
number indicated is the laser output in watt. (P&P: parallel and perpendicular)
Sample
Parallel 1X1.0
Parallel 2X1.0
Parallel 1X0.5
P&P 1X1.0
P&P 2X1.0
P&P 1X0.5

2
2
2
2
2
2

4
4
4
4
4
4

6
6
6
6
6
6

8
8
8
8
8
8

10
10
10
10
10
10

Laser Output (W)
12 14 16 18 20
12 14 16 18 20
12 14 16 18 20
12 14 16 18 20
12 14 16 18 20
12 14 16 18 20

22
22
22
22
22
22

24
24
24
24
24
24

26
26
26
26
26
26

28
28
28
28
28
28

30
30
30
30
30
30

Produce unsintered sample.
Particles deformed. No fusion observed. Fragile.
Particles deformed with minor fusion.
Particles deformed with evident fusion.
Presence of fusion and coalesced particles
Presence of dual layer, voids within coalesced particles.
Presence of burnt area.

The summarised laser output sintering window, upper and lower limits for the six single-level
fabrication strategies are shown in Table 3.3.

Table 3.3: Summary of sinterable range based on Table 3.2. A wider laser output
sintering window at a lower upper limit is preferred for sintering as it does not require
high laser output to result in a stable sintered structure. (P&P: parallel and
perpendicular)
Sample
Parallel 1X1.0
Parallel 2X1.0
Parallel 1X0.5
P&P 1X1.0
P&P 2X1.0
P&P 1X0.5

Lower limit

Upper limit

16 W
14 W
8W
12 W
10 W
6W

30 W
30 W
20 W
24 W
18 W
10 W

Sintering
window
14 W
16 W
12 W
12 W
8W
4W

In summary, the particle changes were categorised into six different categories based on the
particle morphology fabricated from a range of laser output for each fabrication strategy. From
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the particle changes, the onset of sintering begins when the particles receive sufficient energy
to cause minor fusion with each other; this was known as the lower sintering limit. The upper
sintering limit ends just before the laser output formed voids within the coalesced structure.
Hence, from the defined limits the laser output sintering window for each fabrication strategy
was determined with the widest range for sample group Parallel 2X1.0 (14 W to 30 W).
However, the laser output sintering window resulted in only two types of particle fusion: 1)
minor and 2) evident. The sample group fabricated with P&P 1X1.0 fabrication strategy was
selected to explore the laser spot size effect (Section 3.2.3), the dimension fabrication accuracy
(Section 3.2.4 and Section 3.2.5) and the single-level mechanical (Section 3.2.6) as it has about
equal distribution of fusion within each laser output sintering window. The laser output was
selected at 18W for sample P&P 1X1.0 as it is the average laser output sintering window for
the sample.

Physical Characterisation Per Laser Output

StarPore™ particles fuse together to form a fabricated single-level structure when sufficient
energy is delivered to sinter raw particles. During sintering, the raw materials expand in
accordance with the energy received from the laser and the particle expansion above the
sintering bed surface is the sintered height. Sintered depth was calculated in the terms of laser
energy penetration through the sintering bed surface that will induce fusion between raw
particles. The increase in laser energy delivered will influence greater heat induction and
penetration, thus allowing greater sintering depth [72].
Sintering StarPore™ particles resulted in a rough surface as the particles are trilobal and large.
Measurement of the sintered height was conducted carefully with a modified tabletop digital
Vernier calliper in order not to accidentally “push” the fabricated samples into the sintering
bed, as the samples rested on the powder bed. Moreover, the fabricated part surface was rough
and may have significant protrusions because of the trilobal shape of StarPore™. The sintering
process causes the particles to enlarge in size and expand in all directions. This results in a
rough surface and may have significant protrusion, and this was accounted for during sintered
height measurement. This protrusion was accounted for in the sintered height measurement, as
the tabletop digital calliper has a flat jaw that was levelled accordingly to gauge the sintered
height. If the flat jaw was not carefully levelled down to just rest above the rough surface (and
sometimes protrusion), it pushes the fabricated part down into the sintering bed and give a
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measurement error for the sintered height. The cross-section of the fabricated sample and
measurement described are showed in Figure 3.8.

A scan of a crosssection for a sintered
single-level sample,
3D view

Cross-section of a
fabricated sample,
cross-section, front
view

A red line is drawn
on the top of the
fabricated sample.

The topology of the
fabricated sample
cross section
A horizontal black
line and vertical blue
lines give visual
representation of
different heights on
the cross section.

Topology of fabricated sample top area

Sintered height measurement based on tabletop Vernier calliper jaw
based on tabletop Vernier calliper jaw
Rough surface with protrusion

Figure 3.8: Cross section of the fabricated StarPore™ obtained from reconstructing data
from micro-CT. The sintered surface area showed a sintered rough surface with
protrusions.
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Fabricated sample Parallel 1X1.0 with single-level thickness (compound of sintered height and
sintered depth), is shown in Figure 3.9. As the graph shows, the fabricated single-level
thickness increased with increased laser output. No measurement was taken for laser output 12
W and below, as the fabricated part was fragile and breaks upon physical movement and the
lower laser output (about 8 W) does not result in any noticeable sintering, hence no
measurement was taken. Because of the raw StarPore™ particles morphology, large
measurement errors are seen in the graph. Another possible reason that may contribute to the
measurement error could be the method of physical measurement with a handheld Vernier
calliper.

Single-level sintered thickness (Parallel 1X1.0)
4.0

Thickness (mm)

3.5
3.0

2.5
2.0

1.5
1.0
0.5

Laser output 12 W
and below resulted
in fragile sample or
insufficient energy
to induce sintering

0.0
6

8

10

12

14

16

18

20

22

24

26

28

30

Laser Output (W)
Parallel 1X1.0 Sintered Depth

Parallel 1X1.0 Sintered Height

Figure 3.9: The graph shows the relationship of measured single-level thickness, mm with
laser output, W. The graph shows an increasing trend in thickness with increased laser
output energy.

In summary, the sintered height for sample Parallel 1X1.0 showed an increased height trend
with increased laser output. The sintered depth for sample Parallel 1X1.0 showed that the laser
energy penetration depth remained similar throughout the laser output. However, for laser
output 12 W and below, no measurement was given as the sample was too fragile and breaks
upon physical movement or the energy delivered by laser output is insufficient. The physical
changes of sample Parallel 1X1.0 was compared to other parallel samples (Section 3.2.2.1) and
P&P sample (Section 3.2.2.2) and are further elaborated in the respective sections.
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Physical Comparison Of Parallel 1X1.0 To Other Parallel Fabrication Strategies

3.2.2.1

The fabrication trend for other parallel fabrication strategies for fabricated single-level
thickness were observed to be similar to sample Parallel 1X1.0 and is showed in Figure 3.10.
The fabricated single-level thickness, Parallel 1X1.0, was compared to Parallel 1X0.5 and
Parallel 2X1.0 on the same laser output from 14 W to 30 W. Sample Parallel 1X0.5 involves
sintering parallel sintering schematics but with a 0.5 mm scan space between sintering vectors.

Sample Parallel 2X1.0 involves a repeat of sintering with the same scanning schematics on the
same sintering level, where the first sintering had fused raw particles together to form a sintered
level. The formed level acts as a physical barrier that reduces the laser energy penetration from
the second sintering to the sintering bed. This resulted in a gradual increase in single-level
thickness from 10 W to 24 W before plateauing.

Single-level thickness (Parallel)

Thickness (mm)

5
4
3
2
1
0
6

8

10

12

14

16

18

20

22

24

26

28

30

Laser Output (W)
Parallel 1X1.0

Parallel 2X1.0

Parallel 1X0.5

Figure 3.10: The single-level thickness of three parallel samples from laser output 14 W
to 30 W showed an increasing trend on the sample laser output. Across the graph, there
is a gradual increase in thickness for both samples Parallel 1X1.0 and Parallel 2X1.0,
except sample Parallel 1X0.5, where it showed a rapid increase in thickness.

Sample Parallel 1X0.5 experienced a rapid increase in fabricated single-level thickness from
about 3.0 mm at 8 W to about 4.0 mm at 16 W before reaching a thickness plateau. The rapid
increase in fabricated single-level thickness for sample Parallel 1X0.5 was due to the narrowing
distance between spot size springing from a smaller scan space and this is illustrated in Figure
3.11. The same spot size of 130 µm was maintained and the scan space was reduced from 1.0
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mm to 0.5 mm between sintered lines, the spread area of energy from the laser via thermal
irradiated area could have overlapped thus resulting in greater energy being delivered to the
sintering surface. Hence, fabrication strategy sample Parallel 1X0.5 resulted in the highest
single-level thickness in the parallel category.

Figure 3.11: The laser spot size Ø = 130 µm, for the comparison of scan space of 1.0 mm
and 0.5 mm.

Figure 3.12 shows the sintered height for all the three parallel samples. The other parallel
sample group showed a similar trend to sample Parallel 1X1.0. Sample Parallel 2X1.0 showed
a lower laser output at 8 W that produced a noticeable sintered height and gradual increase
before plateauing at 20 W. Sample Parallel 1X0.5 showed a rapid increase in sintered height
from 8 W to 14 W before its sintered height plateau. For the same laser output from 10 W to
30 W, all samples show an increasing trend in sintered height from sample Parallel 1X1.0 to
Parallel 1X0.5, except for laser output 22 W.
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Sintered height (Parallel)
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Figure 3.12: Sample Parallel 2X1.0 showed similar sintered height changes to sample
Parallel 1X1.0, while sample Parallel 1X0.5 showed a rapid increase in sintered height in
response to the narrowing of scan space. The red arrow indicated the increase in sintered
height from sample Parallel 1X1.0 to Parallel 1X0.5.

Figure 3.13 shows the sintered depth for all parallel sintered strategy samples, and there is no
clear trend observed for the same laser output from 14 W to 30 W, except for 18 W, 20 W and
22 W, where the sintered depth increases from sample Parallel 1X1.0 to Parallel 1X0.5.

Sintered depth (Parallel)
2.5

Depth (mm)

2.0
1.5
1.0

0.5
0.0

6

8

10

12

14

16

18

20

22

24

26

28

30

Laser Output (W)
Parallel 1X1.0

Parallel 2X1.0

Parallel 1X0.5

Figure 3.13: The sintered depth for all the samples is similar to their sample group.
Sample Parallel 1X0.5 is the deepest followed by sample Parallel 2X1.0 and Parallel
1X1.0. The red arrow indicated the increase in sintered depth from sample Parallel 1X1.0
to Parallel 1X0.5.
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In summary, the fabricated single-level thickness for all the parallel fabrication strategies
showed an increase with increasing laser output energy. The increase in single-level thickness
corresponds to the increase in sintered height and sintered depth. In a multi-level fabrication, a
deep sintered depth is important in order to induce fusion between the sintered levels.

3.2.2.2 Physical Comparison Of Parallel 1x1.0 To Other Parallel And Perpendicular
(P&P) Fabrication Strategies
The fabricated single-level thickness comparison of all three sample P&P groups to sample
Parallel 1X1.0 is shown in Figure 3.14. Fabricated single-level thickness for sample P&P 1X0.5
was measured only for laser outputs 6 W to 10 W, as laser output 12 W and above frequently
caused fire flashes because of excessive energy delivered to the sintering surface. The presence
of fire flashes during sintering was undesirable as it will cause polymer degradation, voids
expansion by trapped gases [71] and vaporisation of HDPE polymer [64]. For sample P&P
2X1.0, frequent fire flashes were observed at laser output 26 W and above, hence single-level
thickness was not measured either. Both samples P&P 1X1.0 and P&P 2X1.0 showed a rapid
increase in fabricated single-level thickness before reaching a plateau of about 4.0 mm and 4.4
mm at 16 W respectively. Overall, the single-level thickness increased from sample Parallel
1X1.0 to P&P 1X0.5. Sample P&P 1X0.5 was included because of high degradation from fire
flashes.
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Figure 3.14: Fabricated single-level thickness for all three P&P sample groups compared
to sample Parallel 1X1.0. Overall single-level sintered thickness for all three P&P sample
groups increases rapidly before reaching a plateau compared to sample Parallel 1X1.0
for which thickness increased gradually.
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Figure 3.15 shows sample P&P 1X1.0 sintered height was higher than sample Parallel 1X1.0
counter part because of the difference in fabrication strategies that allow greater laser energy
to be delivered to the overall sintering surface. Sample P&P 2X1.0 showed a gradual increase
in sintered height from 8 W to 16 W and the trend was similar to P&P 1X1.0.
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Figure 3.15: Sintered height for all three P&P samples compared to one parallel sintered
sample. Sample Parallel 1X1.0 has the lowest overall sintered height of all the samples.
Generally, overall sintered height increases with increasing laser output.

The sintered depth comparison between all P&P samples to sample Parallel 1X1.0 is shown in
Figure 3.16. The sintered depth for all P&P samples in the set showed a similar trend to sample
Parallel 1X1.0 and the sintering depth for each sample group remains similar throughout the
laser output. However, a higher laser energy penetration occurs at the same laser output for all
P&P samples compared to sample Parallel 1X1.0, with sample P&P 2X1.0 being the deepest.
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Figure 3.16: Sample Parallel 1X1.0 has the lowest overall sintered depth of all the three
P&P samples on equivalent laser output.

In summary, the fabricated single-level thickness for all the P&P fabrication strategies showed
an increase in thickness on increasing laser output energy. The increase in single-level
thickness corresponds to the increase in sintered height and sintered depth. However, the P&P
fabrication strategies are susceptible to frequent fire flashes because of the high energy
delivered to the sintering surface.
Effect Of Laser Spot Size On The Fabrication Strategy
Sample 18 W parallel and perpendicular (P&P) 1X1.0 was selected for investigating the
influence of different spot size on particle and physical changes. The study of the laser output
sintering window in Table 3.3 (page 48), showed sample 18 W P&P 1X1.0 has the widest
desired sintered particle types from fusion to coalescence at a lower laser output compared to
other samples. Optical microscopy on particle changes for all the different sample P&P groups
showed that the laser output sintering window reduces as the distance between the lens and the
sintering bed increases. The narrowing of laser output sintering window reduces the flexibility
to choose a range of laser outputs for a constant laser scan speed. The narrowing of sintering
limit was because the decrease of laser energy density delivered to the sintering surface as the
distance spot size increases while maintaining the same laser output. The particle changes are
showed in Table 3.4 with colour-coded description in Table 3.2 (page 48).
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Table 3.4: Summary of particle analysis. The number indicates the laser output. Larger
laser spot size resulted in lower energy density delivered to sintering surface and resulted
in narrow laser output sintering window (green, orange and blue).
Sample
P&P 1X1.0, origin
P&P 1X1.0, z=+1.5
P&P 1X1.0, z=+4.5
P&P 1X1.0, z=+7.5

2
2
2
2

4
4
4
4

6
6
6
6

8
8
8
8

10
10
10
10

Laser Output (W)
12 14 16 18 20
12 14 16 18 20
12 14 16 18 20
12 14 16 18 20

22
22
22
22

24
24
24
24

26
26
26
26

28
28
28
28

30
30
30
30

The fabricated single-level thickness for all the four P&P sample groups sintered at different
focal distances is shown in Figure 3.17. Overall, the fabricated single-level thickness for the
sample P&P 1X1.0 sintered at distance appears to rise gradually in fabricated single-level
thickness from 10 W to 14 W before reaching a plateau. This showed the maximum achievable
single-level thickness and the other three P&P sample groups showed a similar trend. No
measurements were taken at laser output 8 W for samples sintered at distance +1.5, +4.5 and
+7.5 from origin, as the sample was fragile. The thickness of a single-level sample was
important as a thick sample results in poorer resolution for a multi-level fabrication. Hence, a
thinner sample will be preferable for multi-level sintering in (Chapter 4).
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Figure 3.17: The fabricated single-level thickness for the four samples sintered does not
show any distinct difference. The red box shows the rapid raise in fabricated single-level
thickness from 10 W to 16 W before reaching a thickness plateau.

According to Figure 3.18, the trend line at origin produced the lowest overall sintered height
compared to other samples at the same laser output. Increasing the sintering distance will
enlarge the laser spot size and reduces the energy density delivered to the sintering bed at
constant laser output and laser scan speed as per Equation 1.1. However, within the laser output
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sintering windows for sample P&P 1X1.0, the sintered height increases from origin to z= +7.5
for the same laser output. As the sintering was conducted at the scan space of 1.0 mm, the
spread areas of indirect energy from the laser via thermal radiation and transmission [94] for
an enlarged laser spot size could be overlapped. This will contribute to additional indirect
energy delivered to an earlier sintered vector line and thus further increase the sintered height.
Because of this, the sintered height increases from origin to +7.5. Figure 3.19 shows the
described laser spot size sintered at origin compared to larger laser spot sizes.

Sintering height (mm)
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Figure 3.18: The sintered height for all samples sintered at origin to z= +7.5. Notice that
the overall sintered height increases from origin to z=+7.5 within P&P 1X1.0 (origin) laser
output sintering window. This could be due to the narrowing of laser spot size that
influences the energy delivered in thermal radiation and transmission.

Figure 3.19: The laser spot size Ø = 130 µm and Ø > 130 µm (for larger laser spot sizes).
The heat irradiated from laser spot size should be larger than the laser spot size.
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Sintered depth for all the four P&P 1X1.0 (origin to +7.5) sample sets is shown in Figure 3.20,
the sintered depth gradually decreases as the energy density decreases with increasing laser
spot size. Moreover, depth for each individual sintered group remains similar throughout the
laser output with the sintered depth deepest at origin and the least at z= +7.5. This can be
attributed to laser energy density delivered to the sintering surface; the higher the laser density,
the greater the energy penetration through the sintering bed surface, thus producing a sintered
structure beneath the surface.
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Figure 3.20: Sintered depth does not show distinct difference between the four samples
as the average sintered depth and the standard deviation lines overlapped with each
other.

In summary, the fabricated single-level thickness for all four P&P samples sintered at different
focal points produced similar thicknesses; the increase in sintered height was offset with the
decrease in sintered depth for each laser output at different sintering distance. On the same
laser output, sample fabricated at origin produced the overall lowest sintered height and the
deepest sintered depth, while there is no significant change in the fabricated single-level
thickness. A lower sintered height and a deeper sintered depth is crucial for multi-level
fabrication as the recoating level does not need to be thick, and the sintered level beneath the
sintered part will receive enough energy to form fusion with the newly sintered level on the
recoating level.
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Fabrication Dimension Accuracy In Comparison To Designed Dimension

The fabricated and designed dogbone dimensions are showed in Figure 3.21. The sintered
dogbone measured dimension was larger than the designed dimension because the sintering
was conducted at the designed dogbone hatch boundary. The irradiated heat from the laser
melts and fuses neighbouring particles together with the sintered particles forming a wider

Fabricate
d

Designed

sintered structure.

Figure 3.21: The measured dimensions for each section between design and sintered
dogbone. Gauge length after fabrication was not showed as it was difficult to determine
the end to end points. A: Overall length, B: Grip length, C: Grip width, D: Gauge length,
E: Gauge width.

The dimension changes between designed and fabricated dogbones are shown in Figure 3.22
and show that gauge width (E) had the highest sintered changes followed by grip width (C),
grip length (B) and overall length (A). The dimension error for gauge length (D) was not
conducted due to the difficulty to ascertain the end-to-end points for the fabricated dogbone
samples. The large StarPore™ particle size (892±30 µm) had contributed to the large increase
in gauge width (E), while no significant change was found on the overall length (A). The large
fabricated change for gauge width could be due the irritated heat from the laser that indirectly
melt and fuse the neighbouring particles, thus forming a larger structure.
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Figure 3.22: Dimension changes for fabricated dogbones decrease if the sintered
dimension is small.

To address the indirect fusion of neighbouring particles, a hatch offset was required to improve
sintering accuracy. Hatch offset is mentioned is showed in Figure 3.23. The average difference
between fabricated and designed dogbone dimension A, B, C and D was 1.2±0.6 mm, and the
half of the average difference was 0.6 mm. Hence, a hatch offset was decided to be 0.5 mm. At
this stage, the mechanical properties of the single-level dogbone was of interest, hence, the
hatch offset is not discussed in this chapter but is applied in Chapter 4.

Figure 3.23: The laser scanning schematic. The hatch offset was offset internally in
consideration of the design boundary [95].

In summary, irradiation heat from the laser will indirectly melt and fuse the neighbouring
particles around the designed part, in this case the designed dogbone boundary. It was found
that the large StarPore™ particle size (892±30 µm) may have contributed to the large increase
in fabricated dimensions where the designed dimension was small, for this case +28% increase
for gauge width (E), 6.0 mm, while large design dimension was +0.7% for overall dogbone
length (A). The average dimensional changes were calculated to be 1.2±0.6 mm and the hatch
offset of 0.5 mm was chosen. The hatch offset was applied in subsequent fabrication strategies
(Chapter 4). The fabricated dogbone was used in single-level mechanical test (Section 3.2.6)
to gauge their mechanical properties.
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Effect Of Heat Treatment On Structural Dimensions

Changes between fabricated dogbone dimension and the heat-treated groups of 120 °C and 130
°C are shown in Figure 3.24. From the figure, there are no significant changes in the overall
dimensions of A, B C and E after heat-treatment. However, apparent changes were noticed for
grip length and gauge width. They reduced by 5.2% and 10.3% respectively for dogbone heattreated at 130 °C. This could be an outcome of material vaporisation during heat treatment,
thus causing a distortion to the dogbone. Reduction was 6.5% and -15.2% for sample groups
heat-treated at 120 °C and 130 °C respectively. As the fabricated dogbone was exposed to
elevated temperatures above the crystallisation temperature, the structure was gradually
softened, and gravity comes into effect, reducing the height of the fabricated dogbone sample.
Material softening had caused a flat surface profile for the dogbone bottom surface that was on
the parchment paper.

130 °C

Thickness: 3.1±0.2 mm

Thickness: 3.3±0.2 mm

Thickness: 2.9±0.2mm

Thickness: 2.8±0.1mm

Changes

Heat-treated

Fabricated

120 °C

Thickness: -6.5%
Thickness: -15.2%
Figure 3.24: The dimensional changes from fabricated to after heat-treatment for each
120 °C and 130 °C heat-treated group. A: Overall length, B: Grip length, C: Grip width,
E: Gauge width.

In conclusion, heat-treatment had an overall effect on the height due to material softening and
significant height reduction was seen for 130 °C heat-treated dogbone. No significant changes
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were seen in overall dimensions of A, B C and E. The heat-treated dogbones were used in
single-level mechanical tests (Section 3.2.6) to gauge their mechanical properties.

Mechanical Test

The dogbones studied in Section 3.2.4 and Section 3.2.5 were subject to mechanical testing.
The post mechanical test dogbone pictures are shown in Figure 3.25. All the fabricated
dogbones produced fracture lines near the dogbone grip as the structural strength at this part
was weak. Another group of fabricated dogbones was prepared and tested, and the results were
similar, hence, the result for the first group of three fabricated dogbones was accepted.
Dogbone samples treated at 120 °C and 130 °C, showed break points at the middle of the gauge
section. The break points for 120 °C heat-treated dogbone sample was a fracture like effect
with minor elastic breakage, and the 130 °C heat-treated dogbone sample had elastic breakage.
Optical microscopy on dogbone sample

130°C @ 1 hour

120°C @ 1 hour

Sintered

Post-mechanical test dogbone samples

Figure 3.25: Optical microscopy showed that 130 °C heat-treated dogbone produced
uniformed connected structure and elasticity. While 120 °C heat treated dogbone produce
a fracture similar to the fabricated dogbone.
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Stress-strain curves for all single-level fabricated dogbones and the average fabricated dogbone
are showed in Figure 3.26 and Figure 3.27 respectively. The fabricated dogbones were
extremely fragile, and fracture occurred near to the sample grip when tested. This was due to
the weak fusion between particles. The average ultimate tensile strength (UTS) for the three
fabricated dogbones was 57±15 kPa at 2.7±0.7% strain, while the Young’s modulus was 36±20
kPa. The Young’s modulus was obtained by dividing the linear difference in tensile stress over
tensile strain before the solid material undergo plastic deformation.
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Figure 3.26: The stress-strain curve for all three fabricated dogbones.

Stress-Strain Curve (Average Fabricated dogbone)
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Figure 3.27: The stress-strain curve for the average fabricated dogbone. The ultimate
tensile strength was 57±15 kPa at 2.7±0.7% strain, while the Young’s modulus was 36±20
kPa.
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The mechanical test for all single-level 120 °C heat-treated dogbone and the average 120 °C
heat-treated dogbone are showed in Figure 3.28 and Figure 3.29 respectively. The 120 °C heattreated dogbone showed a similar mechanical strength to the fabricated dogbone in Figure 3.26
as the temperature was not high enough to enhance the particle fusion to increase the
mechanical strength. The average UTS for the three 120 °C heat-treated dogbones was 94±10
kPa at 2.9±0.3% strain, while the Young’s modulus was 49±8 kPa.
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Figure 3.28: The stress-strain curve for all three 120 °C heat-treated dogbone.
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Figure 3.29: The stress-strain curve for the average 120 °C heat-treated dogbone. The
ultimate tensile strength was 94±10 kPa at 2.9±0.3% strain, while the Young’s modulus
was 49±8 kPa.
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The mechanical test for all single-level 130 °C heat-treated dogbones and the average 130 °C
heat-treated dogbone are shown in Figure 3.30 and Figure 3.31 respectively. The 130 °C heattreated dogbone mechanical strength is distinctly different from the earlier two dogbone
samples as the fusion between the particles is strong and results in elastic breakage, thus
producing a high stress-strain curve. The average UTS for the three 130 °C heat-treated
dogbones was 950±83 kPa at 12.3±0.5% strain, while the Young’s modulus was 396±48 kPa.
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Figure 3.30: The stress-strain curve for all three 130 °C heat-treated dogbones.
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Figure 3.31: The stress-strain curve for the average 130 °C heat-treated dogbone. The
ultimate tensile strength was 950±83 kPa at 12.3±0.5% strain, while the Young’s modulus
was 396±48 kPa.
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All the three sample groups of single-level average dogbone stress-strain relationships are
compared in Figure 3.32. Mechanical tests showed that fabricated dogbone had the poorest
properties, followed by the 120 °C heat-treated sample and the 130°C heat-treated sample. This
clearly showed that heat-treated dogbone at 130 °C performed better than the fabricated
material but with a certain degree of height shrinkage. In order to replicate the results of the
heat-treated samples at 130 °C in the real world, it would be necessary to either design the graft
larger to compensate for the shrinkage that will occur during heat-treatment or to heat-treat at
temperature lower than 130 °C for a longer duration. Either way, both ways require further
study to determine their efficacy.
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Figure 3.32: All single-level average stress-strain curves. The mechanical properties for
130 °C dogbone were enhanced significantly after heat-treatment and the UTS and strain
improved approximately 10X and 4X respectively, compared to the 120 °C dogbone.
In summary, 130 °C heat-treated dogbone samples appear to be glossy in appearance compared
to sintered dogbone, while the 120 °C heat-treated dogbone was partially glossy compared to
the 130 °C heat-treated dogbone. The heat treatment at 130 °C produced a more uniform
connected structure, and this contributed to enhancing overall mechanical strength of the 130
°C heat-treated dogbone samples. According to the literature, heat-treated sintered parts will
experience an increase in tensile strength [68]. The 120 °C heat-treated dogbone showed a clear
fracture and lacked elastic breakage. This showed that heat-treating at 120 °C does not produce
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the desired improvement in mechanical properties and heat-treating the materials temperatures
near or at 130 °C will produce the desired improvements.

3.3

Chapter Conclusion

Sintered StarPore™ samples showed six distinct particle changes during sintering – they were
i) onset of particle deformation, ii) particles deformed with minor fusion between particles, iii)
particles deformed with evident fusion, iv) presence of fusion and coalescence, v) presence of
voids within coalescence and vi) presence of burnt areas. The desired structural characteristics
are the onset of raw particle fusion produced by the lowest laser output, until particle
coalescence by the highest laser output per fabrication strategy. This showed the laser output
sintering window of each fabrication strategies conducted in a non-controlled temperature and
gaseous environment. At this stage, it is important to understand changes in particle
characteristics in order to design an appropriate printing protocol.
Single-level StarPore™ structural changes were characterised in terms of changes in sintered
height and sintered depth for different fabrication strategies. It was found that different
fabrication strategies result in an increase in either single-level thickness, sintered height and
sintered depth, and the increase is either gradual or rapid. Sometimes, if the energy delivered
is too high, fire flashes will occur that results in polymer degradation.

Of the six fabrication strategies, the parallel fabrication strategy appears to be the most
appropriate for multi-level fabrication as the fabricated single-level thickness is relatively
thinner than its P&P counterpart. A thinner fabricated single-level thickness equates to a lower
sintered height and sintered depth that may be suitable for multi-level fabrication. Additionally,
the P&P fabrication strategy results in excessive energy delivered to the sintering surface and
has less flexibility in the laser output sintering window than parallel fabrication strategies.
However, P&P may be useful to act as a connection between substrate and the subsequent
sintered layer in a multi-level sintered part as it can provide support to fix the sintered part onto
substrate and prevent the sintered part being pushed away by the recoating mechanism.

Sintering using different laser spot sizes was conducted by manipulating the lens and the
sintering bed distance. The greater the distance between the lens and the sintering bed, the
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larger the laser spot size. Sintering distance further than the origin was found to produce a
narrow laser output sintering window. This was due to the laser energy density reducing as the
laser spot size increases while maintaining the same laser output. The large laser spot size
increases the sintered height and decreases the sintered depth. Hence, it can be deduced that
sintering at the origin resulted in lower sintered height and a deeper sintered depth. Also, deeper
sintered depth is crucial for multi-level laser sintering as the lower sintered height does not
require a thick recoating level, and the sintered depth is crucial for forming fusion between
sintered levels.

Fabricated dogbones show that the overall dimension was larger than the designed dogbone.
The changes in dimensions was affected by the irradiated heat from the laser during sintering
that had caused the StarPore™ particles at the designed border to melt and fused with the
overall fabricated structure thus forming a larger part. The fabrication changes can be addressed
with a calculated hatch offset of 0.5 mm. The offset was applied in all fabrication strategies
discussed in Chapter 4.

Heat-treated dogbones showed a reduced height caused by material softening. No significant
changes to other dimensions were found except for grip length and gauge width that were
reduced by 5.2% and 10.3% respectively for dogbone heat-treated at 130 °C. This could be due
to material vaporisation during heat treatment. Reduction of thickness was found and the
thickness reduction was 6.5% and 15.2% for sample groups heat-treated at 120 °C and 130 °C
respectively. During heat-treatment, the fabricated dogbone was exposed to elevated
temperatures that gradually soften the structure. The soft structure was affected by gravity
leading to a reduction in height. Detailed post-processing conditions were not further explored
and will be studied in the future.

Mechanical tests showed that fabricated samples possess an extremely low mechanical strength
and the dogbone sample fractures near to the sample grip at low applied stress. Optical
microscopy on the sintered dogbone showed that the sintered particles lacks proper fusion to
withstand mechanical strain, and thus results in sample fracture at low applied stress. Heattreatment at 120 °C for one hour does little to improve the mechanical strength and optical
microscopy showed the fracture point has some element of elastic breakage. Heat-treatment at
130 °C for one hour significantly improved the fabricated sample mechanical strength. Optical
microscopy showed elastic breakages and the fabricated particles were glossy and coalesced.
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Heat-treatment should be conducted cautiously and the temperature range should be as
consistent as possible to the set temperature. Overheating the sample will soften the fabricated
sample, reduce the post-treatment height and lead to possible melting. Fabricated samples heattreated at 120 °C do not show any distinct measurable structural changes. Fabricated samples
heat-treated at 130 °C reduced the sample height by about 15.2%. This is not ideal for a multilevel sample as the sample distortion at the end of heat-treatment will be too great and not as
designed.
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4

Chapter 4: Establishment Of Multi-Level Fabrication Methodology

This chapter focuses on understanding how multi-level fabricated StarPore™ behaves over
various fabrication strategies. Multi-level fabrication refers to level-by-level fabrication that
involves alternating recoating and sintering steps with a known recoating level thickness. The
recoating level thickness was set to 1.0 mm based on the StarPore™ particle size (≈1.0 mm).
The alternating recoating and sintering steps are a cyclic process that repeats till the desired
structure is fabricated. Previously (Chapter 3), the effect of different fabrication strategies on
particles and physical structure, the determination of a suitable sintering distance from the lens,
and post-production to enhance the mechanical properties of produced samples was discussed.
The laser output sintering window varies for each fabrication strategy and parallel fabrication
strategies produced a thinner fabricated single-level thickness than the parallel and
perpendicular (P&P) counterparts. Sintering at origin, whereby the laser spot size was smaller,
resulted in the thinnest fabricated part with a wider laser output sintering window compared to
samples sintered with a larger laser spot size (sintering distance increased further than origin
while maintaining the same laser output). Samples fabricated with a larger laser spot size were
found to be thicker and had a narrow laser output sintering window.

When a single-level sample was sintered at low laser output, it resulted in a lower sintered
height compared to sintering at higher laser outputs. However, the resultant sample may be
fragile as the fusion between the particles is not strong enough to hold the fabricated structure.
Increasing the laser output increases the fusion strength between the particles and increases the
sintered height. The increase in sintered height was undesirable as it creates problems during
recoating for a multi-level construct. Hence, the introduction of static weights to the fabrication
strategy may be the solution to control the sintered height regardless of the laser output.

As 130 °C, the heat-treated fabricated single-level sample showed an increase in mechanical
properties by a magnitude of 10X compared to the 120 °C heat-treated sample, but with an
expanse in height reduction by 15.2%. Characterisation of dimension changes for multi-level
fabrication is considered in this chapter in order to determine the suitable post processing
conditions.
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Characterisation of structural porosity and structural changes for both pre- and post- heattreated fabricated multi-level samples and, lastly, mechanical tests of the multi-level sintered
samples are discussed in this chapter.

4.1

Materials And Method

A simple multi-level fabrication platform with movable z-axis and sinter area of 60 mm × 60
mm was built. The movable z-axis allows multi-level structures to be sintered and stacked on
top of each other, level by level, with a known recoating thickness. The moveable z-axis height
was managed with a dial and the change in z-axis height indicates the recoating thickness. The
z-axis height change can be observed with measurements that are etched to the platform
transparent surface. As the dial is rotate clockwise it will move the z-axis upwards and the
change in height before and after the dial rotation indicates the recoating thickness. The multilevel fabrication platform is shown in Figure 4.1.

Dail

Figure 4.1: Multi-level fabrication platform built to characterise StarPore™ multi-level
samples. The elevation of platform in the z-axis direction is controlled by a dial and the
distance is visualised at the measurement etched at the side surface.

Section 4.1.1 focuses on determining the suitable recoating mass of a recoating level for a
multi-level fabrication. This step provides important information on the optimum amount of
StarPore™ powder needed for a recoating thickness of 1.0 mm and an area of 60 mm × 60 mm.
The optimised recoating mass was used for subsequent multi-level fabrication discussed in this
chapter. Section 4.1.2 focuses on four different multi-level fabrication strategies in terms of
laser output, sintering schematics and laser scan space to determine the overall thinnest sintered
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multi-level structure. Section 4.1.3 focuses on managing the sintered height per sintered level
with added compaction in order to fabricate a multi-level thickness that corresponds to the total
recoating thickness. Section 4.1.4 focuses on the dimension changes of multi-level heat-treated
samples and fabricated samples. Section 4.1.5 focuses on porosity characterisation from microCT analysis and bulk porosity for heat-treated samples and fabricated samples. Section 4.1.6
focuses on mechanical properties of fabricated and heat-treated dogbone samples.

The illustration of the overall experimental step described in Chapter 4 is shown in Figure 4.2.

Figure 4.2: Illustration of the experimental step conducted for multi-level fabrication.

Determining Recoating Mass

To fabricate a multi-level sample, a cyclic and repeating process of sintering and recoating was
performed to sinter stack levels of a known recoating thickness per level. The recoating
thickness was set to be 1.0 mm based on the raw materials particle size. The fabrication strategy
of parallel and perpendicular (P&P) 1X1.0 at 18 W was used to act as an intermediary level to
the substrate and throughout the levels as this fabrication strategy and laser output produced an
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evident fusion at the lowest laser output possible. Sample size was designed to be 20 mm × 20
mm on the xy-plane for each level. Based on the summary of Section 3.2.4, the design sample
dimension hatch offset of 0.5 mm was applied in this experiment. Three sample groups were
prepared and named following their respective premeasured recoating masses for an area of 36
cm2: 1.0 g, 1.5 g and 2.0 g. Four samples were made for each sample group and all samples
were fabricated up to five levels. The primary purpose of this experiment was to determine a
suitable recoating mass per level and the optimised recoating mass was used for all multi-level
fabricated parts described in Chapter 4. The secondary purpose was to measure the fabricated
dimensions and compare them to the design dimensions when a hatch offset of 0.5 mm was
used. Other parameters such as weight and structural density were measured and calculated.
The final multi-level sample fabrication strategy is shown in Figure 4.3.

Figure 4.3: The SLS process involves repetitive steps of recoating and sintering. The layer
by layer sintering process stacked on top of the previous layers gives the fabricated part
a defined volume.
Multi-Level Fabrication Strategies

Four sample groups were prepared with different fabrication strategies mentioned in Table 4.1.
A total of five levels were sintered together. The sample size was designed to be 20 mm × 20
mm on the xy-plane at each level. Based on the summary of Section 3.2.4, the design sample
dimension hatch offset of 0.5 mm was applied in this experiment. Four repeats were conducted
for each sample group. A recoating mass of 1.5 g was applied for the recoating level based on
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the summary in Section 4.2.1. The final multi-level sample fabrication schematics for all the
samples are showed in Figure 4.4.

Table 4.1: Description of the multi-level fabrication strategies. Blue colour denotes
parallel and perpendicular scanning schematics and orange colour denotes parallel and
alternate 90°on next layer scanning schematics.
Sample

Scanning schematics

A
B
C

Parallel and perpendicular
Parallel and perpendicular
Parallel and alternate 90°on
next layer

D

Parallel and alternate 90°
on next layer

Scan
space
(mm)
1.0
1.0
1.0

Laser
output
(W)
18
12
12

Recoating
thickness
(mm)
1.0
1.0
1.0

Total levels
including
intermediary level
5
5
5

0.5

12

1.0

5

Figure 4.4: Fabrication schematics for multi-level fabrication. The number of sintering
levels is 5. The first level, n = 1 was sintered at 18 W (P&P: parallel and perpendicular).

The purpose of the experiment was to understand how different fabrication strategies will affect
the overall multi-level fabricated thickness. The fabrication strategies of parallel and
perpendicular (P&P) with laser output of 18 W and laser scan space of 1.0 mm were nominated
as the fabrication strategy for Sample A (Table 4.1). Then the laser output was reduced to 12
W while the other fabrication strategies were maintained (Sample B) and then the scanning
schematics was changed to alternate level 90° rotations on subsequent levels (Sample C) as a
comparison to P&P sintering for each level. Lastly, the laser scan space was reduced to 0.5 mm
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(Sample D). After successful sample sintering, a handheld digital Vernier calliper was used to
measure the fabricated height of the samples.

Modified Fabrication With Added Compaction To Reduce Structure Thickness

Sample D from the summary in Section 4.2.2.3 was selected for this experiment. Sample D
fabrication strategies were repeated for this experiment with a premeasured recoating mass of
1.5 g based on the summary in Section 4.2.1. Static compaction of 3.0 kg weight was added
for one minute to the samples at different stages of fabrication. The samples compacted after
recoating was referred as Recoat-C and the samples that were compacted after sintering was
referred to as Sinter-C. The sample size was 20 mm × 20 mm on the xy-axis (Figure 4.5). Hatch
offset of 0.5 mm was applied. Each sample has five sintered levels in total and four samples
were prepared for each sample group. The detailed description of the samples is named in Table
4.2.

Figure 4.5: The axis location on the sintering bed for a multi-level fabrication platform.

Table 4.2: The six sample group names for all the samples prepared based on compaction
introduced after recoating or after the sintering step and known recoating mass.
Compaction Introduction
Compaction introduced after
recoating step
Compaction introduced after
sintering step

Recoating Mass

Sample Group Name

1.5 g

Recoat-C

1.5 g

Sinter-C

The purpose of this experiment was to reduce the fabricated multi-level thickness to its
supposed calculated thickness of 5.0 mm based on a five-level fabrication, with each recoating
thickness of 1.0 mm per level. The fabrication strategies for sample group Recoat-C and SinterC is shown in Figure 4.6 and Figure 4.7 respectively.
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Figure 4.6: Compaction in Recoat-C was conducted immediately after recoating to ensure
raw particles are interlocked with the rough surface area of the earlier sintered level
before next sintering.

Figure 4.7: Introduction of static compaction after sintering for Sinter-C samples. Static
compression was introduced to the sintered level after sintering step.
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Effect Of Heat Treatment On Structural Dimension

The multi-level Sample D that was fabricated with 12 W alternate rotate 90° on subsequent
fabricated levels (Section 4.1.3) is described in this section. There were four samples prepared
for each fabricated and heat-treated group. The purpose of this experiment was to determine
the changes in dimension of the fabricated sample after heat-treatment. A recoating mass of
1.5 g was applied to the recoating level and 0.5 mm hatch offset was applied to the designed
dimension of 20 mm × 20 mm in this experiment. Fabricated samples were heat-treated in an
oven with a measured temperature of 130±3 °C for 1 hour as measured with a digital
thermocouple. The samples were put on top of parchment paper in a glass Petri dish during
heat-treatment. The sample dimension was measured before and after the heat-treatment with
a handheld Vernier calliper. The fabricated and heat-treated samples were then used to
determine sample porosity (Section 4.1.5).

Micro-CT Analysis

The purpose of this experiment was to characterise the porosity of the fabricated and heattreated samples. Samples from Section 4.1.4 were used in this section. A Micro-CT scan was
performed, and image analysis conducted using open source software (ImageJ) to determine
the fabricated sample structural porosity changes before and after heat-treatment for all six
sample groups.

Bulk porosity based on solid HDPE density was calculated as well. Solid HDPE density was
approximately 0.940 to 0.965 g/cm3 [96]. The bulk porosity was calculated with Equation 4.1.

Porosity (%) = (

Soliddensity − Structuraldensity
) ∗ 100%
Soliddensity

Equation 4.1

Mechanical Test

The purpose of the multi-level mechanical test was to characterise the stress-strain properties
of the two sample groups mentioned. The two groups were Recoat-C dogbone and Sinter-C
dogbone, and the samples were prepared using the steps described in Section 4.1.3 and Section
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4.1.4. The dogbone was fabricated with the same dimension as showed in Figure 3.5 (page 44).
Mechanical tests were conducted for samples fabricated with recoating mass of 1.5 g with
controlled compaction after the recoating and sintering process steps. A recoating mass of 1.5
g was applied for the recoating level based on the summary in Section 4.2.1. Fabricated samples
were then heat-treated at 130°C for 1 hour before the mechanical test. Three repeats were
conducted for both sample groups and tested at a 1 mm/s stress rate.

Before the samples were tested, they were glued to a sample holder on each end to act as an
intermediary between the dogbone samples and the mechanical test clamp. The purpose of the
sample holder was to avoid premature deformation from direct clamping the samples to the
clamp before the mechanical test. The example of the dogbone with sample holder used to
position at the mechanical clamp was showed in Figure 3.6 (page 45).

4.2

Results And Discussion

Multi-level fabrication is a cyclic process of repetitive recoating and sintering steps. The
recoating level thickness was determined by the particle size. In this research, StarPore™
particles are large (≈1.0 mm). Thus, the recoating thickness was set to 1.0 mm. The amount of
powder deposited to sintering bed was studied to determine the optimised StarPore™ recoating
mass needed to be deposited to the sintering bed. The recoating mass is discussed in Section
4.2.1.

After a suitable recoating mass was determined, four different fabrication strategies were
explored to determine the multi-level fabrication strategy with the smallest thickness that can
be fabricated. The parameters that were studied were laser output, sintering schematic and laser
scan space. The multi-level fabrication strategies are elaborated in Section 4.2.2.
Since StarPore™ particles are large (≈1.0 mm) and the multi-level fabrication thickness was
often thicker than the total applied recoating thickness. Hence, modified fabrication with
addition of compaction step will allow greater control of the fabricated level. Two different
modified multi-level fabrications were explored. The compaction step after recoating is named
Recoat-C and compaction after sintering is called Sinter-C. These modified fabrication
strategies are further elaborated in Section 4.2.3.
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The fabricated StarPore™ was then heat-treated to improve the mechanical properties. Heattreated samples often undergo dimensional changes and the fabricated StarPore™ dimensions
before and after heat-treatment were measured. Changes in dimension are further elaborated in
Section 4.2.4.
Micro-CT analysis was conducted on the fabricated StarPore™ sample in order to determine
the structural porosity, and bulk porosity was calculated. Porosity analysis is further elaborated
in Section 4.2.5.

Lastly, multi-level dogbones were fabricated with modified fabrication strategies and heattreated to improve mechanical properties. This is further elaborated in Section 4.2.6.

Determining Recoating Mass

The measured thickness and width of the samples with recoating mass of 1.0 g, 1.5 g and 2.0
g for a sintering area of 36 cm2 is shown in Figure 4.8. The premeasured recoating mass with
standard deviation was 1.0±0.003 g, 1.5±0.004 g and 2.0±0.003 g. The overall fabricated
multilevel thickness showed that the average sample thickness increased with increasing
recoating mass from 9.4±0.2 mm (1.0 g) up to 10.2±0.4 mm (2.0 g). However, because of the
standard deviation of each three recoating mass showed an increase in fabricated multi-level
from recoating mass of 1.0 g to 1.5 g only and further increasing the recoating mass to 2.0 g
has no further effect on the fabricated multi-level thickness.

The measured average fabricated width compared to the designed width, with hatch offset of
0.5 mm, showed little change. The measured width was 20.1±0.2 mm (1.0 g), 19.9±0.2 mm
(1.5 g) and 19.9±0.2 mm (2.0 g). This shows that the hatch offset of 0.5 mm resulted in accurate
translation of the designed dimension of 20 mm × 20 mm to the fabricated dimension.
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Width
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0
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2.0 g

Recoating mass
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8
6
4
2
0
1.0 g

1.5 g

2.0 g

Recoating mass

Figure 4.8: The measured thickness and width for all the three recoating mass sample
groups.

Figure 4.9 shows the measured average weight and calculated average structural density for
the three recoating mass groups. The measured weight of the three recoating mass groups
showed a trend to increase from 611±18 mg (1.0 g) to 698±18 mg (2.0 g). However, the
standard deviation of 1.5 g to 2.0 g showed no distinct changes in average weight. The measured
weight increases in tandem with the increase in measured thickness.

Structural density was calculated based on the measured dimensions of each respective
recoating mass sample groups. A slight change (an increase) in structural density between
sample group 1.0 g and 1.5 g was calculated and no significant change was seen between
recoating mass 1.5 g and 2.0 g sample groups. The calculated structural density increases in
tandem with the increase in measured thickness.
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Figure 4.9: The measured weight and calculated structural density for the three recoating
mass sample groups.

During recoating, a recoating mass of 1.0 g does not provide enough volume to spread across
the fabrication bed and no excess raw powder was removed. Because of this it can observed
that samples for recoating mass of 1.0 g have the lowest weight. Recoating mass of 1.5 g
resulted in a little excess of raw particles being removed and recoating mass of 2.0 g was
overflowing. This may have retained more raw particles per level that contributed to the
increased thickness, and thus affected weight and structural density.

In summary, the increase in measured weight and calculated structural density was affected by
the increase in multi-level fabricated thickness. A recoating mass of 1.0 g under fills the
sintering area, a recoating mass of 1.5 g results in a little excess of raw particles being removed,
while 2.0 g was overflowing. This resulted in an increase in measured thickness between
recoating mass of 1.0 g and 1.5 g and no significant increase for recoating mass of 2.0 g. Thus,
recoating mass of 1.5 g was selected for all the multi-level fabrications described in Chapter 4.

Multi-Level Fabrication Strategies

The fabricated multi-level samples thicknesses are shown in Figure 4.10, and the samples
description, the fabricated and calculated per level thicknesses, are shown in Table 4.3.
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Multi-level fabrication thickness
12

Thickness (mm)

10
8
6
4
2

0
A

B

C

D

Sample

Figure 4.10: The fabricated thickness for all the four samples. Blue bar denotes multilevel sample prepared with parallel & perpendicular scanning schematics and orange bar
was multi-level sample prepared with parallel sintering schematics rotated alternately by
90° on subsequent level. The correlation used to prepare samples A, B, C and D is
mentioned in Table 4.3.

Table 4.3: The sample description for Figure 4.10, and the measured multi-level
thickness.
Sample Sintering
schematics
A
B
C
D

Parallel &
perpendicular
Parallel &
perpendicular
Parallel, alternate
90°
Parallel, alternate
90°

Scan
space
(mm)
1.0

Laser Recoating Total
output thickness levels
(W)
(mm)
18
1.0
5

Fabricated
thickness
(mm)
10.8±0.6

Per-level
thickness
(mm)
2.2±0.2

1.0

12

1.0

5

10.6±0.3

2.1±0.2

1.0

12

1.0

5

8.1±0.2

1.6±0.3

0.5

12

1.0

5

9.1±0.2

1.8±0.4

The fabricated samples A, B, C and D mentioned are showed in Figure 4.11 for parallel and
perpendicular sintering schematics and Figure 4.12 for parallel alternate 90° rotate sintering
schematics.
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B

A

A

B

Figure 4.11: The fabricated multi-level samples for parallel and perpendicular sintering
schematics, from bottom left to right, sample A and B.

C

D

C

D

Figure 4.12: The fabricated multi-level samples for parallel alternate level 90° rotate,
from bottom left to right, sample C and D.

The multi-level fabrication was arranged in a way to technically fabricate an average thinnest
fabricated height. The fabricated height based on laser difference is further elaborated in
Section 4.2.2.1, then the change in scanning schematics in Section 4.2.2.2 and, lastly, the
change in laser scan space in Section 4.2.2.3.

4.2.2.1

Multi-Level Fabrication Strategies: Laser Output

The fabricated thickness outcome for sample A was 10.8±0.6 mm for five levels thick produced
through the normal fabrication strategy that involves a cyclic repeat of sintering and recoating
steps. The thick sample could be due to the high laser output that caused the raw particle to

85

expand in size, and in sintered height. As the raw StarPore™ particle size was large (≈1.0 mm),
sintering increased the sintered height [72] and subsequent cyclic recoating and sintering
further compounded the overall sintered height. Calculated per-level thickness for Sample A
was 2.2±0.2 mm.

To reduce the sintered height, Sample B was sintered with a lower laser output (12 W) while
maintaining the other fabrication strategies. The multi-level fabricated thickness was measured
at 10.6±0.3 mm for a total of five levels. Calculated per-level thickness for sample B was
2.1±0.2 mm, this showed that there was no distinct difference between samples A and B multilevel fabrication strategies.

In summary, there are no distinct differences in the multi-level fabricated height with different
laser outputs except for Sample B. Sample B was fabricated with a much lower laser output.
Sample B was selected to be further compared to Sample C in terms of difference in sintering
schematics (Section 4.2.2.2).

4.2.2.2 Multi-Level Fabrication Strategies: Scanning Schematics

Samples B and C, with a difference in scanning schematics, were compared. Sample B was
fabricated with parallel and perpendicular scanning schematics and Sample C was fabricated
with parallel alternate 90° rotations on the next layer. Based on Table 4.3 (page 84), fabricated
multi-level Sample B had an overall thickness of 10.6±0.3 mm and per level thickness of
2.1±0.2 mm, while Sample C had an overall thickness of 8.1±0.2 mm and per level thickness
of 1.6±0.3 mm. The reduction in overall thickness for Sample C compared to Sample B was
significant and a result of the difference in the energy delivered to each level.

Based on a single-level view, the amount of energy delivered to Sample B per level was two
times the amount of energy being delivered to Sample C, as Sample B level was sintered twice
because of the parallel and perpendicular scanning schematics and Sample C was only a
parallel scanning schematic. Thus, the additional energy delivered to the surface resulted in
greater sintered height and is supported by the research discussed in Section 3.2.2 (page 49).
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In summary, the change in sintering schematic resulted in lower fabricated multi-level
thickness because of the reduced energy delivered to each level. Overall thickness of Sample
B was 10.6±0.3 mm and per level thickness of 2.1±0.2 mm, while Sample C had an overall
thickness of 8.1±0.2 mm and per level thickness of 1.6±0.3 mm. Thus, Sample C was selected
to further compare with Sample D in terms of difference in laser scan space (Section 4.2.2.3).

4.2.2.3 Multi-Level Fabrication Strategies: Laser Scan Space

Sample C and D are compared in this section; they have a different laser scan space. Both
samples C and D were fabricated with parallel alternate 90° rotation on the next layer at 12 W
laser output. Sample C scan size was 1.0 mm while Sample D was 0.5 mm. Based on Table 4.3
(page 84), fabricated multi-level Sample C had an overall thickness of 8.1±0.2 mm and per
level thickness of 1.6±0.3 mm, while Sample D had an overall thickness of 9.1±0.2 mm and
per level thickness of 1.8±0.4 mm. No significant changes between the samples were seen.

When comparing Samples C and D sintered depth in (Figure 3.13) the samples were sintered
with parallel scanning schematics at 12 W but with a laser scan space of 1.0 mm and 0.5 mm
respectively. The calculated sintered depth for Sample D was 1.7±0.3 mm, and this translates
as a deeper laser energy penetration into the sintering bed that will deliver energy to enhance
fusion between the newly sintered levels to the level beneath. Sample C sintered depth at 12 W
could be lower than 1.0±0.2 mm (there is no data for 12 W parallel 1X1.0; hence 14 W was
taken as reference). Furthermore, the sintered depth standard deviation for sample D indicates
the energy penetration could be as little as 1.4 mm, and this clearly shows that the energy
penetration depth for sample D fabrication strategies was still able to produce an interlayer
fusion, as the sintering depth was greater than the recoating thickness of 1.0 mm. While Sample
C minimum sintered depth could be as deep as 0.8 mm.

In summary, the difference in fabricated multi-level thickness between sample C and D was
about 1.0 mm. In a multi-level fabrication, the sintered depth plays an important role to create
an interlayer fusion. The lowest sintered depth for Sample C was as low at 0.8 mm; while
Sample D sintered depth was about 1.4 mm and was deep enough to create an interlayer fusion
for a recoating thickness of 1.0 mm. However, the total multi-level thickness for Sample D was
9.1±0.2 mm and was considered too thick for five fabricated levels where each level recoating
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thickness was 1.0 mm. Thus, Sample D was selected to be further explored (Section 4.2.3) in
order to find ways to reduce the overall fabricated multi-level thickness.

Modified Fabrication With Added Compaction To Reduce Multi-Level Thickness

The overall Sample D multi-level thickness of 9.1±0.2 mm was considered too thick for a five
level fabrication. Each level recoating thickness was 1.0 mm; thus, the theoretical fabricated
thickness was supposed to be near to 5.0 mm. Compaction was introduced to the fabrication
process to compress the overall fabricated thickness. The fabricated multi-level thicknesses for
both compacted samples and the comparison to Sample D are shown in Figure 4.13. There was
reduction in average fabricated multi-level thickness from Sample D to Sample Recoat-C and
Sinter-C. The average measured thickness for Sample Recoat-C was 8.4±0.3 mm and for
Sample Sinter-C was 7.5±0.3 mm.

Comparision of Average fabricated multi-level
thickness for compacted samples to Sample D
Thickness (mm)

10.0
8.0
6.0
4.0
2.0
0.0

Sample D

Recoat-C

Sinter-C

Figure 4.13: Sample D average fabricated multi-level thickness compared to Sample
Recoat-C and Sample Sinter-C.

During the fabrication strategy for Sample Recoat-C, immediate deposition of raw particles to
the sintered level after sintering, and later introduction of compaction, may have pushed more
raw particles into the heated sintered level. This may have created an interlocking surface
between each level after sintering. While, for Sample Sinter-C, the introduction of static
compression after sintering flattened and levelled out the rough surface of the sintered level
and this resulted in a smoother recoating process. The illustration for both Sample Recoat-C
and Sinter-C compaction steps for the first level as an example is shown in Figure 4.13.
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Figure 4.14: Schematic illustrating the effect of roughening in the Recoat-C vs. Sinter-C
process. Full processes are shown in Figure 4.6 for Recoat-C and Figure 4.7 for Sinter-C.

The fabricated multi-level thickness for Sample Recoat-C was greater than for Sample SinterC. This could be because the recoating process may have shielded the sintered level from direct
compaction from the weights, and because the time taken from the sintering step to the
recoating process and then compaction may have allowed the sintered level to cool and solidify
to a certain extent; thus reducing the effect of compaction. Immediate compaction after
sintering for Sample Sinter-C may have flattened and levelled the sintered level before the
recoating process, thus resulting in an overall lower fabricated multi-level thickness compared
to Sample Recoat-C.

In summary, both fabrication strategies for Sample Sinter-C may provide better control of the
overall fabrication strategy and better fabricated multi-level thickness, but the Sample RecoatC may provide better structural integrity that comes from the interlocking structure between
each sintered level. As there is no significant difference in fabricated thickness or benefits of
sample fabrication strategies, both samples were further explored for heat-treated dimensional
change (Section 4.2.4) and structural porosity changes before and after heat-treatment (Section
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4.2.5). Mechanical tests were conducted on two dogbone group sets: Sample Recoat-C and
Sinter-C (Section 4.2.6).

Effect Of Heat Treatment On Structural Dimensions
Both the samples Recoat-C and Sinter-C fabricated dimensions were measured before and after
heat-treatment. The heat-treatment was conducted at 130±3 °C for 1 hour. The recoating mass
was 1.5 g. The average change in thickness in the sample groups is shown in Figure 4.15. After
heat-treatment, both samples showed height reduction. Sample Recoat-C height reduction was
from 8.8±0.4 mm to 8.4±0.2 mm and Sample Sinter-C was 8.1±0.5 mm to 7.9±0.4 mm.
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Figure 4.15: The measured average thickness for both sample groups before and after
heat-treatment.

Figure 4.16 shows the measured width for both the sample groups. No significant change was
found for the width following heat-treatment. The measured width before and after heattreatment for Recoat-C was 19.9±0.2 mm to 19.6±0.1 mm, while for Sinter-C it was 19.9±0.2
mm to 19.8±0.3 mm.
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Figure 4.16: The measured average width for both sample groups before and after heattreatment.

Figure 4.17 shows the measured weight for both the sample groups. No significant reduction
in weight was found after heat-treatment. The measured weight before and after heat-treatment
for Recoat-C was 687±16 mg to 683±24 mg, while for Sinter-C it was 676±12 mm to 669±18
mm. The minor reduction could be due to evaporation of StarPore™ during heat-treatment.
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Figure 4.17: The measured average weight for both sample groups before and after
heat-treatment.
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Figure 4.18 shows the measured structural density for the sample groups. There was an increase
in structural density after the samples were heat-treated. The measured structural density before
and after heat-treatment for Recoat-C was 0.20±0.01g/cm3 to 0.21±0.01 g/cm3, while for
Sinter-C it was 0.21±0.02 g/cm3 to 0.22±0.01 g/cm3.
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Figure 4.18: The measured average structural density for both sample groups before
and after heat-treatment.

In summary, both Recoat-C and Sinter-C showed thickness reduction after heat-treatment. No
significant weight reduction was found. Therefore, for both sample groups, the overall
structural density had increased after heat-treatment. There were no significant changes in
width after heat-treatment of either sample group. Both sample groups were further explored
for structural porosity (Section 4.2.5) and in mechanical tests (Section 4.2.6).

Micro-CT Analysis

The micro-CT image analysis and structural porosity changes for fabricated Samples RecoatC and Sinter-C before and after heat-treatment is shown in Figure 4.19. The structural porosity
before heat-treatment for the samples Recoat-C and Sinter-C was 69.7% and 68.9%
respectively. After heat-treatment, the structural porosity of Recoat-C and Sinter-C reduced to
66.2% and 65.7% respectively.
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Structural porosity: 69.7%
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After heat-treated

Before heat-treated
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Figure 4.19: The micro-CT image analysis for both samples Recoat-C and Sinter-C and
the structural porosity before and after heat-treatment.

Bulk porosity before and after heat-treated for Samples Recoat-C and Sinter-C was calculated
using Equation 4.1 and the structural density in Figure 4.18. Table 4.4 shows the calculated
bulk porosity for the samples before and after heat-treatment. Both samples showed a reduction
in bulk porosity after heat-treatment.
Table 4.4: The lowest solid density of HDPE, 0.94 g/cm3 was used to calculate the
structural porosity of the samples before and after heat-treated.
Sample

Fabricated bulk porosity

Recoat-C
Sinter-C

78.7%
77.7%

Heat-treated bulk
porosity
77.7%
76.6%

%
change
-1.0%
-1.1%
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The decrease in structural porosity after heat-treatment was caused by the decrease in height.
The structural reduction may fill up smaller pores or voids, thus reducing the overall porosity.
In addition, the expansion of particles during heat-treatment may fill small voids, thus
contributing to reduction of structural porosity.

Limitations such as inconsistencies during the fabrication strategies could be due to manual
preparation and fabrication of samples that introduce an element of human error. Moreover, in
the micro-CT scan, scale accuracy was not automatically shown in the analysis acquired, and
this presents an obstacle to measuring the size of the sintered pores. Detailed measurement of
pore size was not conducted and only overall structural porosity and bulk porosity were
determined. Further experiments need to be conducted in the future to determine the structural
porosity of the sintered part.

In summary, heat-treated samples showed a decrease in porosity in micro-CT analysis and
overall bulk porosity and the decrease could be due to the decrease in height that fills smaller
pores or voids. As well, particle expansion during heat-treatment may fill small voids, further
reducing the overall porosity.

Mechanical Test

Mechanical tests were conducted on sintered dogbones with a recoating mass of 1.5 g and using
the same fabrication strategies as sample Recoat-C and Sinter-C. A recoating mass of 1.5 g
was chosen because was minimal excess of StarPore™ particles removed during the recoating
process. Three repeats for sample Recoat-C and Sinter-C were conducted. The Recoat-C and
Sinter-C dogbone samples that were used in the mechanical test are shown in Figure 4.20. The
dogbones for both samples show elastic breakages at the middle of the gauge.

The mechanical test for all the multi-level Recoat-C heat-treated dogbone samples and average
values are shown in Figure 4.21 and Figure 4.22 respectively. The ultimate tensile strength
(UTS) for the multi-level Recoat-C heat-treated dogbone sample was 1.76±0.29 MPa at
19.7±0.9% strain, while the Young’s modulus was 534±53 kPa. The stress-strain curve for the
three samples of Recoat-C, show a wide error range for UTS, and this could be due to the
inconsistent time taken to recoat the sintered level before the addition of weights.
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Optical microscopy on dogbone sample

Sinter-C

Recoat-C

Post-mechanical test dogbone samples

Figure 4.20: Sample Recoat-C with the breakpoint show by the red arrow.
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Figure 4.21: The stress-strain curve for all three Recoat-C heat-treated dogbones.
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Figure 4.22: The stress-strain curve for the average Recoat-C. The ultimate tensile
strength was 1.76±0.29 MPa at 19.7±0.9% strain, while the Young’s modulus was 534±53
kPa.

Results of the mechanical test for all the multi-level Sinter-C heat-treated dogbone samples and
the average are shown in Figure 4.23 and Figure 4.24 respectively. The UTS for the multi-level
Sinter-C heat-treated dogbone sample was 1.65±0.06 MPa at 13.5±3.1% strain, while the
Young’s modulus was 521±117 kPa. The stress-strain curve for the three samples of Sinter-C,
showed a constant stress-strain curve.
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Figure 4.23: The stress-strain curve for all three Sinter-C heat-treated dogbones.
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Stress-Strain Curve (Average Sinter-C)
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Figure 4.24: The stress-strain curve for the average Sinter-C ultimate tensile strength was
1.65±0.06 MPa at 13.5±3.1% strain, while the Young’s modulus was 521±117 kPa.

Both the average multi-level dogbone samples in Figure 4.25 show that Recoat-C and SinterC experienced a gradual increase in stress and strain percentage. An apparent stress difference
was noticeable at 2.5% strain, when Recoat-C stress is 2.9% higher than for Sinter-C. The stress
value for dogbone Recoat-C at strain 2.5% is 1.30 MPa while for dogbone Sinter-C it is 1.27
MPa. Hence, Young’s Modulus for both dogbone Recoat-C and Sinter-C were 535±53 kPa and
521±117 kPa respectively. On the other hand, for sample Recoat-C ultimate tensile strength
(UTS) was 1.76±0.29 MPa at 19.7±0.9% strain and for sample Sinter-C UTS was 1.65±0.06
MPa at 13.5±3.1% strain.

2.0

Stress-Strain Curve (Average Recoat-C and Average Sinter-C)

Stress (MPa)

1.5

1.0

0.5

Green zone indicates the both samples
experience the same stress-strain values
before apparent difference at 2.5% strain

Avg. Recoat-C
Avg. Sinter-C

0.0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

Strain (%)

Figure 4.25: The green zone shows both the dogbone samples experience the same stress
value till a strain of 2.5%. Above strain 2.5% the stress level of dogbone Recoat-C was
higher than for dogbone Sinter-C.
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In summary, the higher mechanical properties for sample Recoat-C compared to Sinter-C could
be due to the presence of an interlocking structure that was present due to static compression
that was added after the recoating process. During recoating, particles will fill the gaps created
from sintering and static compression immediately after recoating will enhance the bonding as
the sintered level cools down. Subsequent sintering of the recoated compressed level will fuse
the particles to the earlier sintered level and form a new level on top of the earlier sintered
level. Heat-treating the dogbone will gradually enhance the interlocking effect. Hence, when
the dogbone is subjected to stress loading, the stress is distributed evenly between levels
because of the interlocking structure. For sample Sinter-C, the better mechanical properties
could be due to the compaction immediately after sintering. This causes even levelling of
protrusion leading to a smooth sintered surface that does not provide an interlocking structure
for subsequent recoating and sintering; thus, lower mechanical properties for dogbone SinterC. This clearly shows that dogbone sintered with Recoat-C fabrication strategies resulted in
higher mechanical properties.

4.3

Chapter Conclusion

As introduced in Chapter 3, a fabricated level thickness encompasses the total sintered height
and sintered depth. The sintered height should be minimal in order to have a smooth recoating
process and thinner recoating level. However, presence of protrusion due to morphology
characteristics poses certain challenges, as some protrusion will protrude beyond the recoating
level thickness and prevent a smooth recoating level surface. As a result, recoating thickness
was set to 1.0 mm to reduce protruding protrusion and to accommodate the large raw particle
size. A recoating mass of 1.5 g provided sufficient coverage to a sinter area without resulting
in excess raw material. Hatch offset employed to the design stage resulted in accurate
translation of designed dimension to the fabricated dimension.

A multi-level fabrication strategy that involved parallel scanning that was rotated 90° on
alternate levels, with 0.5 mm laser scan space and with laser output at 12 W, was chosen as the
sintered depth was 1.7±0.3 mm. This indicated that the minimum sintered depth was 1.4 mm
and it was deep enough to produce an interlayer fusion. However, the overall thickness for
fabricated multi-level Sample D was 9.1±0.2 mm and it was considered too thick for a
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fabricated five level sample with recoating thickness of 1.0 mm each level. Thus, modified
fabrication with compaction was employed.

The modified fabrication with compaction is the unique approach in this thesis to address the
rough surface level produced after sintering. The modified fabrication with compaction showed
a decrease in the overall fabricated multi-level height for both samples Recoat-C and Sinter-C
compared to non-compacted fabricated samples. The measured thickness for fabricated multilevel Recoat-C was 8.4±0.3 mm and for Sinter-C it was 7.5±0.3 mm (compared to Sample D
at 9.1±0.2 mm). Sample Recoat-C was higher than Sinter-C, because of the time taken
following the sintering step for recoating and compaction may have allowed the sintered level
to cool and solidify to a certain extent, thus reducing the effect of compaction because the
recoating level may have shielded the sintered level from direct compaction from the weights.
For Sinter-C the immediate compaction introduced after sintering, may have flattened and
levelled the sintered surface before the recoating process, thus resulting in an overall lower
fabricated multi-level thickness.

The structural porosity between the calculated samples and measured samples (from the CT
scan) showed large difference. This could be due to certain limitations such as inconsistencies
in sample preparation and software limitations. Further experiments on structural porosity
should be conducted after a mechanised fabrication platform has been built.

Mechanical tests on dogbones fabricated with the Recoat-C fabrication strategy showed that
both samples Recoat-C and Sinter-C had insignificant stress differences when the strain level
was about 2.5% and below. Above 2.5% strain, sample Recoat-C stress values began to
increase more quickly than for sample Sinter-C values. Recoat-C ultimate tensile strength
(UTS) was 11.76±0.29 MPa at 19.7±0.9% strain and sample Sinter-C UTS was 1.65±0.06 MPa
at 13.5±3.1% strain. Introduction of static compaction either after sintering or recoating may
have affected the overall inter-level connection. Applying static compaction after sintering will
flatten the sintered protrusion and this provides smooth surface for subsequent recoating and
sintering process. Applying static compaction after recoating (Recoat-C) will allow raw
particles to fill in the gaps and create an interlocking mechanism between two sintered levels
after sintering, thus providing a better mechanical strength compared to sample Sinter-C.
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5

Chapter 5: Thesis Conclusion

In Chapter 2, the StarPore™ experimental results suggest that laser sintering is feasible but a
normal sintering method is not suitable to fabricate raw StarPore™ particles into a desired
structure. The native shape of the particles, being trilobal, was designed by the manufacturer
to produce a trabecular like structure similar to bones from the proprietary manufacturing
method. The trilobal particle shape hinders the ease of recoating onto the sintering bed and
requires physical assistance to evenly spread the particles throughout the sintering bed. Second,
the expansion of sintered particles upwards produces a sintered height and rough surfaces.

The laser output sintering window, between the upper and lower sintering limits of raw
StarPore™, produced with different fabrication strategies show six distinct particle changes
caused by the energy from the laser. A wide laser output sintering window is much preferred
as it allows flexibility in the laser output. Laser output flexibility is important for sintering raw
StarPore™ as the temperature sintering window range is narrow (about 117±0.6 °C to 130±1.5
°C). Moreover, of the six distinct particle changes, it was found that the acceptable particle
changes are from the raw particles that received sufficient energy to result in a fused structure
to the highest laser energy that results in coalescence of structure without the presence of a dual
layer structure or of trapped voids. Voids trapped in the formed coalesced structure are not
desirable as it may lead to biological or chemical risks if implanted in the human body.
The structural level, the changes in sintered height (∆sH), sintered depth (sD), and overall
fabricated single-level thickness has been successfully quantified. Overall, as laser output
increases the single-level thickness increases. However, in some situation, when the laser
output is too high, there will be excessive energy density delivered to the raw StarPore™
sintering bed surface. This results in frequent fire flashes that contribute to degradation of
polymer and renders it useless for further fabrication purpose. Low sintered height and deep
sintered depth is crucial for multi-level fabrication as a low sintered height is beneficial for a
thinner recoating thickness and deep sintered depth for creating interlayer fusion. The
experiment recoating thickness was set to be 1.0 mm thick because of the morphology of the
raw particles and physical labour was included during the recoating process. The StarPore™
narrow temperature sintering window and lack of absorbance requires careful utilisation of
laser output, and a sintering hatch pattern to control the fabrication process.
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Laser spot size characterisation shows that sintering conducted at the larger spot size while
maintaining the same laser output results in increased sintered height. This is due to the reduced
gap between sintering lines, and a subsequent increase in overlapping of irradiated energy from
the laser. Sintered depth decreases as the laser spot size increases and this is undesirable for
multi-level fabrication.

Multi-level fabrication involves sintering multiple levels onto one another. The large raw
particle size and presence of a rough surface caused during recoating as the free structure of
the sintered sample moves in accordance with the direction of the recoating mechanism.
Sintering the first level to the substrate fixes the sintered part in position and prevents sintered
part movement. A recoating mass of 1.5 g is optimal to cover the recoating area as minimal
excess material was removed during recoating. A parallel alternate 90° rotation hatch pattern
with a 0.5 mm scan distance is suitable for multi-level fabrication as the sintered height is not
too high and a lower laser energy output can be used. With lower laser energy, the sintered
height will be lower and there is less impact on the subsequent recoating process.

The decrease in structural porosity after heat-treatment is caused by the decrease in height.
Filling of smaller pores or voids reduces the overall porosity and leads to reduction of structural
porosity. The expansion of fused particles during heat-treatment will also fills up smaller pores
and voids.

Heat-treatment improves the sintered quality and introduction of static compression
immediately after recoating seems to improve the bonding between sintered levels because of
an improved interlocking structure and a consequent higher ultimate tensile strength. Sintered
height may be managed by using controlled compaction after recoating, however, the reduction
in height after heat-treatment remains an issue as we would prefer the height not to change.

It is possible to fabricate a StarPore™ graft with laser sintering provided that that static
controlled compaction and a parallel alternate 90° rotated hatch with 0.5 mm scan space is
used. Moreover, a recoating thickness of about 1.0 mm is for the StarPore™ particles.

In conclusion, the proposed fabrication protocol is as follows:
•

The sample should be first sintered to the substrate.
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•

A fabrication strategy with a parallel alternate 90° rotated hatch with 0.5 mm scan space
at laser energy of 12 W should be used.

•

After sintering the first level, a recoating mass of 1.5 g should be spread across the
sintering area and a static compression of 3.0 kg applied.

•

The sintering, recoating and compaction steps are repeated until the desired part is
achieved.

•

Lastly, the sintered part is heat treated at 130±3 °C for 1 hour.
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6

Chapter 6: Future Direction

Studies (see Chapter 2) demonstrated that the optical characteristics of StarPore™ at the
particle level has “dips” or “valleys” at laser wavelength 1215 nm, 1395 nm and 1731 nm. This
suggests that energy absorbance at this point, or near to this point, was likely and this showed
delivered laser output energy to sintering surface will be readily absorbed by raw StarPore™
powder to induce fusion between StarPore™ particles. Additives to raw StarPore™ could be
explored as an alternative to increase energy absorbance and reduce the laser output necessary
for sintering. Alternatively, additives of the same material as StarPore™ but in a smaller size
should be explored as the smaller particle size means a larger surface area per volume, greater
exposure to laser energy and less energy to sinter.

At Chapter 3, single-level level, StarPore™ was sintered in a non-controlled temperature
environment and higher laser output was required to deliver enough energy to sinter the
particles. Sometimes, full melting, burnt parts due to fire flashes, and presence of voids were
due to the high laser energy. The introduction of a controlled temperature and inert gaseous
sintering chamber may prevent sample burning, lower the required laser output to sinter, and
prevent trapped bubbles. The use of a thermal camera may assist in such analysis to determine
the minimum sintering temperature that will cause fire sparks or trapped voids. Furthermore,
laser spot size should be revisited as the laser spot size used is too small (about 130 µm) for
the large raw StarPore™ particles that are approximately 892±30 µm in diameter. Hence, larger
laser spot sizes with various energies should be explored.

Ways to improve the sintered sample density must be revisited in order to create a mechanically
stronger implant. The recoating mass is one aspect that must be focussed on in order to improve
the packing density per area before sintering. As fabricated sample density is dependent on the
recoating density, increasing the recoating density before sintering will increase the sintered
sample density. In addition, adding a compression force to the recoating level after sintering
could reduce the sintered height and increase the per-level density. This step should be revisited
as well.

Pore characteristics should be revisited after a proper mechanised system is designed that can
uniformly reproduce the fabricated samples, as the current procedure relied heavily on manual
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processes. Improving the heat-treatment condition should also be revisited as the current postprocessing condition improved the mechanical properties but at the expense of the fabricated
part height. This is undesirable considering a large bone graft that may be sintered in the future.
A series of temperature ranges between the crystallisation and melting temperatures, and the
time taken to heat treat, should be explored in the future.
Biological characterisation of the successful fabricated multi-level StarPore™ should be
conducted both in vitro and in vivo to assess the biological behaviour of fabricated structures.
These studies are important to further guide the fabrication process to develop structures with
optimal biological properties as required for the targeted application.
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